@\ CERN-THESIS-2018-486
X 01/08/2018

Precision measurements of
indirect CP violation in the
charm sector with LHCDb

A thesis submitted to The University of Manchester for the degree of

Doctor of Philosophy
(PhD)

from the work of

Kevin S. Maguireﬂ BSc.
in the Faculty of Science and Engineering
School of Physics and Astronomy
Particle Physics Group

2018

MANCHESTER

1824
The University of Manchester

TSupervised by Professor Christopher Parkes and Dr. Marco Gersabeck






Contents

[Acknowledgements|

The author]

I Introduction and setting]

(1 _Introduction|

2 Theoretical setting|

\]

[3  Experiment apparatus|

[3.1 Large Hadron Collider| . . . . . . . ... ... ... ... .....

[3.2.1

Tracking|

13

15

17

19

21

23

25

27
28
28
31
32
35
36
37
38
42
43



Contents

[8  Acceptance correction and decay-time fit|

8.1 Backgrounds in In(xip(D°))| . . . . .. ...
[8.2  Swimming algorithm| . . . . . . ... ... ... ... ...

[8.2.1  Swimming the trigger{. . . . . . . . ... ...

[8.2.2  Swimming the stripping| . . . ... ... ... ... ..

[8.3  Further acceptance corrections| . . . . . ... ... ... ... ...
[8.3.1  Accounting for the VELO acceptance . . . . . . ... ...

[8.3.2  Swimming the radial flight distance requirement| . . . . . .

[8.3.3  Accounting for the tracking efficiency acceptance] . . . . .

71

73

77
7
80
81
82
84

85
85
87
89
89



Contents

(8.5 Turning point PDFs . . . . . . ..o 000000 113
8.6 Decay-time PDFs, f.usssupa (A - - - o o 0o oo 115
8.7 In(xip) PDFS, fuusssuer IO - - - - o o o oo 118
[8.8  Kernel density PDFs| . . . . . .. ... ..o 120
8.9 Blinding . . . . ... ... 121

[9 Cross-checks and systematic uncertainties| 123
9.1 Pseudo-Ap cross-checkl . . . . ... ... ... 123
[9.2  Randomised flavour tag null tests| . . . . . . . ... ... ... .. 128
[9.3  Control toy studies| . . . . .. .. ... ... ... ... ... 129
[9.4  Systematic uncertainties| . . . . . ... ... 130
[9.4.1 Combinatorial background| . . . . . . . . ... .. ... .. 131

[9.4.2  Secondary contamination|. . . . . . . ... ... L. 132

9.4.3 Correlations between variables . . . . . . . ... ... ... 134

[9.4.4  Low decay-time mismodelling| . . . . . .. ... ... ... 136

[9.4.5 Random sott pion background . . . . . .. ... ... ... 137

[9.4.6  Turning point accuracy: shift and scaling of TP positions| . 138

[9.4.7  Variation of decay-time resolution| . . . . . . . . .. .. .. 138

[9.4.8  Specific backgrounds| . . . ... ..o L 139

[9.4.9  'Track reconstruction ethciency|. . . . . . . . . . ... ... 139

9.5 Additional cross-checks . . . . . . .. ..o 140
(10 Results and conclusions| 143
0.1 Fitresultsl . . . . . . . 143
(10.2 Ap results| . . . . . . . . . 144
[10.2.1 Combinationl . . . . . .. . .. .. ... 149

10.3 Conclusionl. . . . . . . . . ... 150
Il _New methods for charm lifetime measurements 155
11 Overviewl 157
12 Datasets and selectionl 161
[12.1 Decay-time unbiased selections|. . . . . . .. ... ... ... ... 161
2.2 Offfine selectionl . . . . . . . . . . .. ..o 163
[12.3 Datasets and binning . . . . . . . ... .. ... ... ... .. .. 164
[12.4 Secondary background reduction|. . . . . . . . ... ... .. ... 165




Contents

(14 Results and systematic uncertainties|

[14.1 Systematic uncertainties and cross-checkl . . . . . . .. . ... ..

[14.1.1 Secondary contamination|. . . . . . . . . . . ... ... ..

[14.1.2 Kinematic splits{. . . . . . . . . ... ... ... ... ...

[15.2 Boosting and gradient boosting| . . . . . ... ... ... .. ...
(15.3 Uniform boosting| . . . . . .. . ... ... ... ...
(15.4 Training| . . . . . . . . ...

(16 Prospects of new methods|

LV End matter

7 Final lisionl

[A Time evolution of simulation samples|

[A.1 Time evolution of prompt simulation| . . . . . .. ... ... ...

[A.2 Time evolution of secondary simulation| . . . . . . . ... ... ..

(B Fit parameter results|

IC Fits to Am for the 7(D") analysis|

(D Cut based separation with decay chain isolation|

References
Word count: 44,732

203

205

209
209
211

213

219

223



List of Figures

2.1 Feynman diagram of D'-D” mixing| . . . . . ... ... ... ... 40
2.2 Feynman diagram of long-range D’-D° mixing| . . . . . . . . ... 41
[2.3 HFLAV average of the D” mixing parameters z and y| . . . . . . . 44
[3.1 Schematic of the accelerator complex| . . . . . . .. ... ... .. 48
(3.2 Schematic of the LHC collider| . . . . . . . ... .o 49
Jross-sectl b detector] . . ... 52

[3.4  Diagram of the LHCb tracking stations| . . . . . . . ... ... .. 53
[3.5 Diagram of VELO sensors| . . . . ... ... ... ... ... 54
[3.6  Diagram of the VELO station layout| . . . . . ... ... ... .. 55
3.7 Resolution of the VIELLO sub-detector] . . . . ... ... ... ... 57
[3.8 Diagram ot a TT station| . . . . . ... .. ... ... ... .... 58
[3.9  Diagram of the outer tracker|. . . . . . . ... ... 59
[3.10 Diagram of an I'T station|. . . . . . .. ... ... ... ... ... 60
[3.11 LHCb Particle identification performance of LHCbH| . . . . . . .. 61
[3.12 Diagram of an ECAL module] . . . . . ... ... ... ... ... 64
[3.13 Diagram of the five muon stations{. . . . . . . . ... .. ... .. 64
[3.14 Graphs of the LHCb muon system performance] . . . . . . . . .. 65
[3.15 Schematic of the Run 1 trigger flow| . . . . . . .. ... ... ... 67
.1 Tree level Feynman graphs of D’ — h™h~ decays|. . . . . . . . .. 74
4.2 Sketch of a secondary D° decay| . . . .. .. ... .. ... .... 75
[6.1 Examples of kernel density estimation|. . . . . . . . ... ... .. 90
[7.1 Distributions of m(D") and Am from simulated prompt events| . . 95
[7.2  Projections of the fit to m(D”) and Am for one D’ — K"K~ |
sub-dataset| . . . . . ... 96

[7.3 Distributions of m(D") and Am from simulated random soft pion |

evenlsl . ... s 97




List of Figures

[7.4 Fits to m(D") and Am for the K 7' 7 simulation sample| . . . . 100
|7.5 Fits to m(DU) and Am of the D background simulation sample| . 101
8.1 Distribution of decay-time against In(yip(D")) for simulated |
prompt and secondary events| . . . . . ... ... ... ... ... 104

[8.2  Schematic of the swimming method for a two-body decay| . . . . . 106
[8.3  Schematic of the swimming method for a two-body decay where [
there are two PVs in theeventl. . . . . . . . . . ... ... .... 107

[8.4  Distance between PVs in events with only two PVsl . . . . . . .. 109
8.5 Dependence of track zy,., on D" decay time for one event|. . . . . 112
[8.6  Comparisons of the estimated TP PDFs and the data] . . . . . . . 114
8.7 Example distribution of f(¢|A)|. . . . . . . ... oL 116
[8.8  Fit to the decay time of simulated secondary events| . . . . . . . . 117
8.9 Projections of the fit to D" decay-time and In(xip) for one |
D’ KK~ subdatasetl. . . ... ... ... ... .. .. ..., 118

9.1 Comparison of 7(K 7 ") measured values in all sub-datasets| . . . 124
[9.2  Calculated values of pseudo-Ar in the six sub-datasets| . . . . . . 126
0.3 Lifetime asymmetry of D’ — K ' for the full dataset| . . . . . . 127
9.4 Lifetime asymmetries of the prompt signal and soft pion fit compo- |

| nents for D’ — K- wt|. . . .. 127
9.5 Randomised flavour tag null test with K"K~ and 7"« datal. . . 129
9.6 Results of control tests with K™ K~ and 7" 7 toy datal . . . . . . 130
9.7 Results of Ap(7" 7)) toy test with alternate fit|. . . . . . . . . . . 132
9.8 Variation of Ap(K" K ) against the fixed value of 7y 0] . . . . . . 133
9.9 Results of Ap(7" 7 ) toy study with half the default secondary |

I fractionl . . . . . . . . ... 134
9.10 Correlation between In(yip(D")) and other observables for simu- |

| lated datal . . . . .. ... 135
[9.11 Variation of the blinded results with po . . . . . . ... ... ... 141
[9.12 Variation of the blinded results with the angle ¢ . . . . . . . . .. 141
[10.1 Fit projections of m(D”) and Am for one 7' 7~ sub-dataset| . . . 144
[10.2 Lifetime asymmetry from fits to the full K*K~ and 77 data| . 145
[10.3 Fit projections of the D' decay time and In(yip) for one 7" 7~ |

| sub-dataset] . . . ... ... 145
[10.4 Fit projections of m(D") and Am for one K 7' sub-dataset| . . . 146




List of Figures

[10.5 Fit projections of D’ decay time and In(yip) for one K 7" sub- |

[ datasetl . . . . . . . . . 146
[10.6 Measured values of Ap(7" 7 ) in the six sub-datasets| . . . . . . . 148
[10.7 Measured values of Ap(K" K ) in the six sub-datasets| . . . . . . 148
(10.8 HFLAV world average measurement of Ap before and after the |

[ binned Apr measurement| . . . . . . .. ... ... 150
(10.9 HFLAV world average fit for |¢/p| and ¢ . . . . . . . . . ... .. 151
[12.1 Distribution of S/v/B against In(xip) from simulation|. . . . . . . 165
(13.1 Fits to Am in one decay-time bin for the cut based method|. . . . 168
[14.1 Correlations between momentum and decay-time from datal. . . . 176

[14.2 Correlations between transverse momentum and decay-time from |

Cdatal . . .. o 177
[14.3 Correlations between pseudorapidity and decay-time tfrom datal. . 178
[14.4 Litetime fits for both magnet polarities| . . . . . . . . . . ... .. 181
[15.1 Overtraining test for the best default MLAf . . . . . . . ... . .. 189
[15.2 Uniform feature efficiencies against MLA responsef . . . . . . . .. 192
[15.3 ROC curve for the best default MLA and data response|. . . . . . 192
(15.4 Cone isolation observables . . . . ... .. ... .. ... ..... 194
[I5.5 Vertex isolation observabled . . . . . .. .. ... ... ... ... 195
[15.6 Signal efficiencies for a test MLA with isolation variables . . . . . 198
IA.1 Fits to prompt simulation In(xip) in decay-time bins| . . . . . . . 210
|A.2 Decay-time dependence of prompt simulation In(xip) parameters| . 210
IA.3 Fits to secondary simulation In(yjp) in decay-time bins| . . . . . . 211
IA.4 Decay-time dependence of secondary In(yip) mean parameter|. . . 212
IA.5 Decay-time dependence of secondary In(xip) parameters . . . . . 212
[C.1 Fits to Am in all decay-time bins for magnet polarity up| . . . . . 220
[C.2 Fits to Am in all decay-time bins for magnet polarity down| . . . 221
ID.1 Prompt and secondary vertex isolation variable against In(xip)| . . 223
ID.2 Metric of secondary separation against In(yip) and m, cuts| . . . . 224




List of Figures

10



List of Tables

[2.1 ~Properties of the leptons| . . . . . ... .. ... ... ... .... 29
[2.2  Properties of the quarks| . . . . . ... ... 000 30
[2.3  Properties of the bosons| . . . . . ... ... ... 000 33
2.4 Recent results for Ap.|. . . . . .. ..o 45
[>5.1  Selection criteria of the HLTT trigger| . . . . . . . . ... ... .. 78
[5.2  Selection criteria of the HUT?2 trigger| . . . . . . . ... ... ... 79
[>.3  Selection criteria of the stripping linel . . . . . . . ... ... .. 81
[>.4  Number of candidates in the dataset of the Ap analysis| . . . . . . 83
[7.1 The classes and subclasses of the Ay analysis|. . . . . .. .. ... 93
[7.2  First fit stage parameters from one D' — KK~ sub-dataset| . . . 102
[8.1 Fit parameters of the second fit stage from one D' —» KTK~ |

sub-dataset| . . .. ... ... 122
9.1 Measured values of 7(K 7" ) on the 12 sub-datasets|. . . . . . . . 124
9.2 Measured values of 7(K 7" ) averaged by magnet polarity] . . . . 125
9.3 Comparison of pseudo-Ap (K 7" ) and pseudo-Ap(7,) for different |

magnet polarities| . . . . . ... ... Lo 127
(9.4 Null test results for Ap(K"K ™) and Ap(7" 7 ) with randomised |

flavour tags| . . . . . . ... 128
[9.5 Results of control toy tests| . . . . . ... ... ... ... 130
[9.6  Summary ot Ap systematic uncertainties.|. . . . . . . . ... ... 131
[0.7 Results of a toy test with a low decay-time bias for the KK~ |

final statel . . . .. ... 137
[10.1 Measured values of 7(D") and 7(D") for the K™K~ final state|. . 147
[10.2 Measured values of 7(D") and 7(D") for the 7' 7~ final state| . . . 147

11



List of Tables

[10.3 Combination of Ar measurements from analyses ot LHCb data

12

| from 2011 and 2012 . . . ... . ... ... ... ... ... ... 153
[11.1 Results for 7(D") that contribute to the world average value.|. . . 158
[12.1 Decay-time unbiased HLT'1 trigger selection| . . . . . .. ... .. 162
[12.2 Decay-time unbiased HLT2 trigger selection| . . . . . . . ... .. 163
[12.3 Number of candidates in the dataset of the 7(D") analysis| . . . . 164
[14.1 Summary of 7(D") systematic uncertainties| . . . . ... ... .. 173
(14.2 Control toy test results[ . . . . . . ... .. ... ... ... ... 173
[14.3 Secondary contamination systematic toy test results|. . . . . . . . 174
[14.4 Momentum split test results| . . . . . .. .. ... ... ... 176
[14.5 Transverse momentum split test results| . . . . . . . . . . ... .. 177
[14.6 Background contamination systematic toy test results| . . . . . . . 179
[15.1 Feature importances of the best pertorming default MLA| . . . . . 191
[15.2 Feature importances of the control MLAs without isolation observ- |

Y 3 < 196
[15.3 Feature importances of a test MLA with isolation observables| 197
[B.1 First fit stage parameters from one D’ — 77~ sub-dataset|. . . . 214
IB.2 Fit parameters of the second fit stage from one D' — 77 sub- |

datasetl . . . . . . .. 215
IB.3 First fit stage parameters from one D’ — K 7' sub-dataset| . . . 216
IB.4 Fit parameters of the second fit stage from one D° — K~ 7" sub- |
datasetl . . . . . . . .. 217



Abstract

A study of indirect CP violation in D" mesons is presented through a measure-
ment of the asymmetry of the effective decay widths of D° and D" mesons. This
observable, known as Ay, is measured in decays to the CP eigenstates KK~ and
7w~ using data collected in pp collisions by the LHCb experiment in 2012 with
an integrated luminosity of 1.9fb™". The results are combined with a previously
published LHCb measurement using 1fb™" of data collected in 2011 to yield

average values of,

Ap(KTK ™) = (—0.14 4 0.37 £ 0.10) x 107,
Ap(rt ) = ( 0.1440.63£0.15) x 107,

where the first quoted uncertainty is statistical, and the second systematic. The
results show no evidence of CP violation and improve on the precision of the
previous best measurements by nearly a factor of two.

New methods are presented for measuring the D" meson lifetime that rely
on updated LHCb data acquisition techniques, which collect large datasets while
reducing time-dependent biases. Many measurements of indirect CP violation
observables depend on precision measurements of meson lifetimes. Furthermore,
the large datasets being collected by LHCb necessitate faster analysis techniques
such that results can keep pace with the magnitude of acquired data. The methods
presented employ a binned fit, where the main method separates an intractable
background with a simple selection requirement and a second potential method

investigates novel machine learning classification algorithms.
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Chapter 1

Introduction

Particle physics is the study of the fundamental building blocks of matter and
the interactions between them. The aims of such studies are, to understand
the underlying physics of the universe and predict its behaviour, to inform that
understanding with experiments, and further refine theoretical models to improve
predictability.

One of the unanswered question of this field is the observed difference between
matter and anti-matter in the universe. These two forms should be treated
equally by nature, yet matter appears to be favoured over anti-matter, as shown
by its relative abundance in the universe. The commonly proposed solution to
this problem is the violation of a matter and anti-matter symmetry called CP.
However, this cannot be the complete solution as a necessary condition to explain
the matter and anti-matter imbalance is baryon number violation, which is not
fulfilled by CP violation. A review of the theoretical framework of particle physics
and how it relates to the work of this thesis is presented in Chapter [2|

This thesis is primarily concerned with experimental particle physics mea-
surements which are motivated by theory. Presented here is a measurement of
Ar, one of many interesting observables that is used to test CP conservation in
fundamental physics reactions. This observable is the asymmetry between the
lifetime of the D° meson and its anti-particle, the D° meson. In measuring Ay,
the individual lifetimes of the D® and D° mesons are measured in their decays to
two pions, or two kaons. While CP violation has already been observed in similar
processes, those investigated in this work show no evidence of CP violation and
thus are consistent with CP conservation. The small scale of observed violations
and the lack of observed violation in other processes indicate that CP violation
may not be sufficient to explain the matter and anti-matter asymmetry in the

universe.
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Chapter 1. Introduction

The data used in the measurement of A were collected by the LHCb exper-
iment at the Large Hadron Collider (LHC). This is the worlds largest particle
collider with a circumference of 26.7 km and is located under the French-Swiss
border near Geneva. The data were collected in 2012, and the final measurement
is combined with another measurement of A from data collected in 2011. The
selection of the data sample used, the measurement method, and the resulting
value of Ar are presented in Part I}

The measurement of Ap in this thesis was a success and represents one of
the two best measurements ever made of this observable. However, there are a
number of potential issues with continuing this type of measurement method on
datasets collected by LHCD in more recent years. The method presented in Part [[]
requires a large amount of computing time, which increases with the number of
collision events in the dataset. It also requires the dedicated efforts of a number
of analysts for an extended period of time. The datasets collected by LHCb from
2015 to 2017 are larger than were taken in 2011 and 2012, thus compounding
these problems. Also the rate of data collection will increase again after the LHCh
upgrade in 2019/2020. A final issue is that the method has underlying problems
which may make it unsuitable for other CP symmetry measurements.

In Part , potential new methods for measuring the D° meson lifetime
are studied. These new methods are comparatively simpler, and thus take less
computing time and less analyst time. As a demonstration, the lifetime of the D°

meson is measured from data collected by LHCb in 2016.
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Chapter 2
Theoretical setting

The modern theory behind particle physics is known as the “standard model”
(SM). It is based on quantum field theory and group theory, and has been built off
the centuries of work that came before, including the development of Maxwell’s
equations [1] and the experimental discovery of the positron [2]. The formulation
of the SM as we know it today was developed in the latter half of the 20th century.
In the early years of its formulation, new additions were driven by experimental
observations of new particles. In more modern times the theory has made a wealth
of predictions that have so far been proven correct in nature. One of these many
successes is the bound on the electric dipole moment of the electron [3], which is
an accurate test for potential additions to the SM, and has implications for CP
violation.

Indeed the great success of the theory has been the biggest problem for
physicists in recent years. The apparent completeness of the SM has resulted in
experimental searches becoming routine consistency checks. As a consequence,
abnormalities between predictions and experimental results have become much
sought after and been given the reverent moniker of “new physics” (NP).

While there are great successes, there are also obvious problems. The SM
is by no means a complete theory. For example, the neutrinos are predicted to
have zero mass, while observations of their flavour oscillations prove that they do
indeed have mass [4,5]. There are also a number of astronomical observations that
highlight the incompleteness of the theory. These are the imbalance of matter and
anti-matter in the universe, which is not quantitatively accounted for in the SM,
and the necessity for dark matter in the cosmos, for which there is no convincing
SM candidate.

This chapter contains an introduction to the SM as well as a primer on CP
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Chapter 2. Theoretical setting

violation, which is integral to the studies performed in this thesis. In Section
the SM in its modern form is presented. Section introduces the quantum
mechanical operators of interest for the studies to follow, while Sections|2.3|and
present flavour mixing and the violation of the CP symmetry within the SM.
Finally, Section introduces the SM observable to be measured in this thesis.

2.1 Standard model of particle physics

The SM is constructed of two families of spin-1/2 “matter” particles called the
“leptons” and the “quarks” as well as twelve “force carrier” particles, which are
spin-1 states known also as “bosons”. The bosons describe the three fundamental
forces of nature, electromagnetism, weak nuclear and strong nuclear. Gravity is
the fourth fundamental force, but is neglected in the SM, as its coupling strength
to matter particles is many orders of magnitude smaller than the couplings of
the other forces. Interactions between matter particles occur by the exchange of
momentum via a carrier boson. A spin-0 particle called the Higgs boson is the
final piece of the SM and is responsible for the mechanism that gives mass to the
other particles. Most particles have an associated anti-particle, which shares some
of the same properties but have opposite values of other properties. This comes
as a consequence of negative energy solutions to quantised equations of motion.

In exception to this are particles that are their own anti-particle, such as photons.

2.1.1 Matter content

The first of the groups that encompass the SM is that of the matter particles. A
“fermion” is a spin-1/2 particle state with a wavefunction that satisfies the Dirac
equation,

(iv"0, —m)p =0, (2.1)
where summation over the repeated indices is implied and the four 4" matrices
are the “Dirac matrices”, and have the usual definition. A fermion is defined
by the spin-statistics theorem, which says that the wave function of a system
of identical spin-1/2 particles is anti-symmetric under the exchange of any two
particles. A corollary of this is the Pauli exclusion principle, which says that
no identical fermions can occupy the same quantum state. Or in other words,
no two fermions in a single system can have the same quantum numbers. This

principle had fundamental consequences for the development of the SM, as the
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Chapter 2. Theoretical setting

Table 2.1: Properties of the leptons, taken from [9]. Shown are, @, the electric charge,
1., the z component of weak isospin and L, the value of lepton flavour . The electron

and muon masses are not shown to their full precision.

Name Symbol Mass (MeV/c?) Spin @ I, L, L, L,
Electron e 0.511 /2 -1 -1/2 +41 0 0
Muon W 105.66 /2 -1 -1/2 0 +1 0
Tau T 1776.86 +0.12 1/2 -1 -1/2 0 0 +1
Electron Neutrino Ve <2eV/ /2 0 1/2 +1 0 O
Muon Neutrino v, <0.19 /2 0 1/2 0 +1 0
Tau Neutrino v, < 18.2 /2 0 1/2 0 0 +1

discoveries of new particles that appeared to violate the exclusion principle were
clear evidence of new internal quantum properties.

The family of fermions known as the “leptons” are those elementary particles
that do not interact via the strong nuclear force. As shall be seen, this is because
the leptons do not carry “colour” charge, which is the conserved quantum number
of the strong interaction. Electrically charged leptons interact via the weak
nuclear and electromagnetic (EM) forces, while neutral leptons interact through
the weak nuclear force only. As the weak force has a characteristically weak
coupling to matter, the neutral leptons, or “neutrinos” rarely interact with other
matter and thus are difficult to detect. The “favour” of a lepton is a fundamental
property that takes one of three values, electron, muon or tau, along with the
three corresponding anti-flavours. These quantum numbers are thought to be
conserved in all interactions. Recently, tension with the assumption of lepton
flavour conservation has been seen in a number of experimental measurements [6-8].
Shown in Table are the properties of the leptons.

From the late 1940s and throughout the following decades a large variety of
particles were discovered that at that time were called “hadrons”. A theory for
describing this particle “zoo” was proposed by Gell-Mann in 1964 by introducing
three new fermions labelled “quarks”, as well as their three anti-particles [10].
The zoo of particles is described by states of these quarks bound by the strong
nuclear force. These bound states were made from either one quark and one
anti-quark, called “mesons” or three quarks, called “baryons”. These initial three

quarks were sufficient to describe the known hadrons, but as time went on, a
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Table 2.2: Properties of the quarks, taken from [9]. Shown are, @, the electric charge,
1., the z component of weak isospin, S, the strangeness number, C, the charmness
number, B, the bottomness number and T, the topness number. The quantum number
I3 = %(Nu — Ny) is the third component of the quark “isospin”, where N; is the number

of quarks of type 7 in a state.

Name Symbol Mass (MeV/c¢®) Spin  Q I, I; S C B T
Up u 22704 1/2 2/3 1/2 1/2 0 0 0 0
Down d 47505 1/2 -1/3 -1/2 -1/2 0 0 0 0
Charmed c 1280 + 30 /2 2/3 1/2 0 0 1 0 O
Strange S 9615 1/2 -1/3 -1/2 0 -1 0 0 0
Top t 173,100£600 1/2 2/3 1/2 0 0 0 0 1
Bottom b 418073 1/2 -1/3 -1/2 0 0 -1 0

further three were introduced. Similar to the lepton flavours, the quarks also have
associated flavours. The strong nuclear and EM forces conserve these flavours in
their interactions with matter, along with the neutral weak nuclear current. In
contrast, the charged weak nuclear current never conserves them in its interactions
with quarks. Shown in Table are the properties of the quarks.

Two problems arose with the quark model of hadrons. The first was due
to the fact that symmetric baryon wavefunctions did not predict the observed
lowest baryon states, even though the theory suggested that they were symmetric.
Secondly, an )~ hadron was discovered, which is a bound state of three identical d
quarks, seemingly in violation of the exclusion principle [11]. These problems were
solved by Greenberg in 1964 by introducing a “colour” degree of freedom that
is anti-symmetric under exchange, and introduces a new colour charge quantum
number [12]. Thus the total wavefunction is anti-symmetric, and the three d
quarks are not identical, but have different “colours”. Each quark has one of
three colour values, red green or blue, or the corresponding anti-colour values.

It is found experimentally that the weak nuclear force is maximally violating
of parity [13]. The weak force bosons only couple to left-handed particles and
right-handed anti-particles. The handedness, or “chirality”, of a massless particle
state is determined by its eigenvalue with respect to the combined spin and parity
operator S - P. For massive particles, the handedness depends on how the particle

state behaves under the Lorentz transformation.
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As right-handed neutrinos are colour and electrically neutral, they do not
interact via any force and thus may not exist. The field for a fermion can be split

into its left- and right-handed parts, using handedness projection operators.

2.1.2 Gauge theory

The SM is based on the product of three mathematical groupsﬂ, SU(3) x SU(2) x
U(1) [14516]. The EM force is parameterised as the unitarity group, the abelian
(commuting) group of complex numbers with absolute value of one, U(1). Unifying
the weak nuclear and EM forces into the electroweak force results in an alternative
representation of both forces, in which the weak force is described by the special
unitary group of 2 x 2 matrices with determinant equal to one, SU(2). The extra
degree of freedom in the weak force results from the importance of chirality in
the interactions. Finally the strong force is represented with yet more degrees
of freedom in the special unitary group of 3 x 3 matrices, due to three colour
charge values. In general, the SU(N) group of N x N matrices is non-abelian,
the consequences of which will be seen in the following section.

A gauge theory is a field theory in which the associated Lagrangian is invariant
under some transformations. The group properties of these transformations define
the “gauge group”. A set of elements, {...,7},...}, are generators of a group
if any group element can be formed from linear combinations of them. There
are at least N® — 1 such generators, where N is the dimension of the group.
The generators are not necessarily a basis, as they do not need to be linearly
independent of each other. For groups such as the SM gauge groupﬂ any element

Q(z), can be represented in the form,

N%-1

Qr) =exp | i Z o, (2)T} |, (2.2)
j=1
where a;(x) are complex coefficients. The generators satisfy the commutation
relation,

[Tm T;] = ifijkaa (2-3)
where f;;;, are known as “structure constants”. For an abelian group, where all
elements commute, the structure constants are given by, f;;, = 0.

The generators of an SM gauge group are understood to be the fundamental

representations of the bosons, also known as “gauge bosons”. The minimum

"More specifically, Lie groups.
Lie groups.
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number of generators of a gauge group determines the number of distinct boson
fields. The structure constants of the group determine how the boson fields
interact with each other. The form of the group determines how the fermion fields
transform and thus how they interact with the boson fields. Or from the historical
perspective, the non-trivial transformations of the fermion fields under which
the Lagrangian is invariant, necessarily produce extra fields with well defined
couplings to the fermions and with each other. In the next section, the appearance

of these gauge groups in the SM is outlined.

2.1.3 Lagrangian formulation and bosons

Noether’s theorem says that the conserved quantities of a physical system result
from its symmetries, and thus the fermion equations of motion are examined
for symmetries in this section. The most powerful way to associate equations
of motions, symmetries and conserved quantities is through the Lagrangian
formulation. Similar to the classical mechanics case, the equations of motion of a
system can be determined from the Euler-Lagrange equations,

0 oL oL
Oz, (a(aw/axu)) oV (2.4)

where ¢ = ¢(z,,t) is a field and given the Lagrangian density £, which is referred

to as the Lagrangian in what follows.
Transformations of the field that do not change the form of the Lagrangian

are of interest for finding conserved quantities. Consider the Lagrangian,
L = ihy, 0" — mapyp, (2.5)

which produces the Dirac equation of Eq. , when input into the Euler-
Lagrange equations. The form of this Lagrangian is chosen precisely to produce
the Dirac equation, and is otherwise arbitrary. Yet, given the significance of the
Dirac equation, much can be learned from the form of this Lagrangian. The two
terms, quadratic in the field, represent the propagation of a massive particle (i.e.
a fermion) through empty space via a kinetic energy. To produce a symmetry

consider the transformation,

V() = €“P(,), (2.6)

where « is some arbitrary constant, and the transformation forms the U(1) gauge

group due to Eq. (2.2). The Lagrangian is invariant under this transformation
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Table 2.3: Properties of the bosons, taken from [9], where @ is the electric charge, I,

the z component of weak isospin, and 7, g and b are red, green and blue colour charges.

Name Symbol Mass (MeV/c?) Gauge Group @ I, Colour charge
Photon ¥ 0 U(l) 0 O 0
Neutral Weak z" 91,1876 £2.1 SU((2)xU(1) 0 0 0
Charged Weak —~ W& 80,385+ 15  SU(2) x U(1) +£1 =1 0
Gluon g 0 SU(3) 0 0 r,9,b

and thus has a conserved quantity, which in the case of electromagnetism is the
current density. It follows that the electric charge must be a conserved quantity.

Now consider the most general case where o := a(x,,), where the constant is
now an arbitrary function of space-time position. The Lagrangian of Eq.
is not invariant under this transformation due to the additional 9,a(z,) term.
By introducing a vector field, a new Lagrangian is constructed that is indeed

invariant,
L= &(Wy“aﬂ - m)¢ + G@Z’YMQwA;u (27)
where () is the electric charge of the fermion, e is a coupling constant and the

new field A, transforms as,
1
A, — A, + Eaua(:cu). (2.8)

The new term in the Lagrangian shows the interaction between the field ¢ and
the new vector field A,. The value of the coefficient eQ), gives the strength of the
interaction coupling while the matrix form of 4" encodes the spin of the fermion
before and after the interaction, and determines which interactions are possible.
Of course the form of the previous equations are chosen to reproduce the form
of the electromagnetic interaction, with the vector field A, understood to be the
photon field, the force carrying boson of electromagnetism. Table shows the
properties of the SM bosons for the three fundamental forces. To complete this
treatment, a kinetic energy propagation term for the photon is needed. The final
Lagrangian for quantum electrodynamics (QED) is,
L= 370, — m)y + 0" QU A, — {Fru F™, 29)

where the gauge invariant field strength tensor is given by,

F, =08,A,—0,A

pv Iz

” (2.10)
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A boson kinetic term of this form necessarily arises in an abelian gauge group, as
with U(1) for electromagnetism |14].

The “local” gauge transformation, o := «a(z,), is not a symmetry of the
system if a mass term (oc A, A") is added to the photon propagator. A finite mass
indicates a finite interaction range, which can’t hope to correct for an infinite
number of local transformations over all space. Thus the photon is a massless
boson.

For the strong nuclear force there are extra degrees of freedom introduced
by the three distinct values of colour charge, as opposed to one for conventional
electric charge. This suggests the form of the strong interaction is more complex
than that of the EM force. It is found that the SU(3) group describes the observed

features of the strong force through the quark field transformation,
q(x,) — ei%Taq(a:H), (2.11)

where T, are the generators of SU(3) and «, are coefficients. The generators
for the strong force are conventionally chosen to be \,/2, where the A, are the
Gell-Mann matrices. In analogy to the previous strategy, a new field G, must be
added to the Lagrangian. The final Lagrangian for quantum chromodynamics
(QCD), also including a boson field kinetic term, is given by,

1
GGy (2.12)

L =q(iv"9, — m)q + 9,V T.a)G), —
In this case the transformation of the field in Eq. (2.8)) is not sufficient to preserve
gauge invariance due to the non-commuting generators adding an extra term.
Consequently an additional term is needed in the transformations that includes
the structure constants,
a a 1 C
GM — GM + g—(?uoza - fabcabGu‘ (213)

The field strength tensor also includes an extra term,
Go, = 0,G5 — 0,G5 + g fun GR G (2.14)

Thus the QCD Lagrangian is formed from quark fields that interact via N> —1 = 8
vector bosons called “gluons”. The gluons couple to particles that carry colour
charge. The extra terms arising from the non-abelian nature of the SU(3) colour
gauge group, such as (0,G7)G} Gy result in gluon self interactions. Due to these
terms, triple and quadruple gluon vertices are possible in Feynman diagrams,

which suggests that gluons themselves carry colour charge.
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2.1.4 Higgs mechanism

The motion of a massive spin-0 particle is described by the Klein-Gordon equa-
tion [16],
0,0" + 1i*6 = 0, (2.15)

and is reproduced by the Lagrangian,

1

1 v 2,2
L=5(0,9)(0"¢) — gm'¢". (2.16)

Consider the modified Klein-Gordon Lagrangian to which a boson field, A,, has

been added in analogy to previous sections, along with a quartic function ansatz,
1
L=(0,—ieA,)¢" (0, +ieA,)p — ZFl,éF”é — 120"+ A(9*9)%. (2.17)

The last two terms are a potential V' (¢) and ¢ is a complex scalar field with real

components of the form,
1

V2

If 1* < 0 then the potential V(¢) is the “wine bottle” potential, which has an

¢ (¢1 +ig). (2.18)

infinite number of minima in a circle around the origin, and has a local maximum
at the origin. If the system is initially at the local maximum, it will spontaneously
evolve into one of an infinite number of possible states, depending on chaotic initial
conditions. A gauge transformation of the Lagrangian then moves the system from
one degenerate minimum to another. By choosing one of the arbitrary degenerate
minima, thereby favouring one direction over the other infinite directions, the
gauge symmetry of the system is “spontaneously broken”. The values of the fields
in the minima, or ground state, are chosen to be, ¢; = v and ¢, = 0, where the
loss of generality is explicit. Of interest are excitations of the field about this
special minimum,

¢(z) = —=(v+(z) +in(r)). (2.19)

Sl

The Lagrangian is then [14],

1 | 1
L=50,m + 50,0 + 5 A" A + evA O+ p*¢C (2.20)

The mass term, ;°¢?, shows that a field ¢, with mass me = \/Tuz has been
produced. Interestingly a boson mass term, %e2v2A”A,, is also produced. Thus
the mechanism of spontaneous symmetry breaking gives mass to the gauge boson
in this way. The field ( is understood to be that representing the “Higgs boson”,

named after one of the proponents of the mechanism [17,|18]. No mass term exists
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for the n field, known as a Goldstone field, after Goldstone’s theorem. It can be
removed by a choice of gauge and thus doesn’t contribute to the physical theory.
The Goldstone field arises due to excitations of the field in the direction of the
other infinite minima.

An explicit mass term for fields split into their left- and right-handed parts,
breaks the invariance of the Lagrangian under SU(2) transformations, which are
necessary for the weak force to be included in the SM. Instead the fermion mass

term from previous equations is removed and replaced with a Yukawa term [14],

LYukawa = _Yl/) ['(ZLQMZJR + hC} ) (221>

where Y, is the “Yukawa coupling” for fermion ¢, L and R represent the definite
handedness parts, and h.c is the Hermitian conjugate of the first term. The
fermions acquire their mass through this term when the symmetry is broken as

before. It also acquires interaction terms with the Higgs field, (.

2.1.5 Electroweak bosons

Consider the SU(2) x U(1) composite group. Different transformations for the
left- and right-handed fields can be freely chosen,

'QDL N eiaaTa+i5Y¢L’

Vr — P g (2.22)

These are chosen to reproduce the behaviour of the weak nuclear force that does
not couple to right-handed particles. Here, T, are the three generators of SU(2),
which by convention are the three Pauli matrices. In the transformations, Y is the
“weak hypercharge”, the conserved quantity of the U(1) part of the electroweak
force. The conserved quantity of the SU(2) part of the electroweak force is the
“weak isospin”, the quantum number for which is defined along the z component

axis, I,. The weak hypercharge is given by,
Y =2(Q - L,). (2.23)

In analogy to previous sections, four new gauge boson fields must be added for
the Lagrangian to be invariant under the above transformation, three for SU(2)
and one for U(1). It is seen experimentally that the weak force carrier bosons
are massive, while the photon of U(1) is massless as discussed previously. The

Higgs spontaneous symmetry breaking direction can be chosen arbitrarily, and
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the four new bosons can be combined in such a way as to form three massive
bosons and one massless boson. The “charged weak current” bosons, W and the
“neutral weak current” Z° boson, carry the weak nuclear force, while the fourth
electroweak boson is the photon that carries only the U(1) EM force. Due to
the non-abelian nature of the SU(2) group, the electroweak bosons can couple to

each other, and form three and four point Feynman vertices.

2.2 C’, Pand T operators

This section details three relevant operators, the symmetries of which are investi-
gated in this thesis. These are the parity operator (P), the charge-conjugation
operator (C') and the time-reversal operator (T').
The parity operator acts on a state and returns a state with reflected spacial
coordinates,
Pi(7,t) = PY(—7,t). (2.24)

A second operation gives the possible eigenvalues of the operator,
P2)(Ft) = PPy (=7 1) = P*)(F' 1), (2.25)

which gives P? = 1. P is an observable and thus P is a Hermitian operator with
real eigenvalues, so that P = £1. The full SM Lagrangian is not invariant under
the parity transformation as weak nuclear interactions never conserve parity.
The charge conjugation operator changes a particle into its anti-particle. In
this transformation a particle’s position and momentum are unchanged. Consider
a particle p with anti-particle p and a particle g that is its own anti-particle. The

C operator acts on these states as,

Clp) =1p),  Clg) = Cylg). (2.26)

A second operation gives C' = +1. There is no factor for the operation on p as the
final state is not the same as the initial state and thus |p) is not an eigenvector of
C. Similarly to the parity operator, ' is never conserved by the weak nuclear
interaction.

Time reversal is the reflection of a state’s time coordinate. In classical me-

chanics the T operator changes a particle’s momentum direction, where ¢t = —t,
0 ot 0 0 -
) =m—=I(t) —» m——==(—t) = —m—=2(t) = —p
p=mga(t) prpvile) Fil(t) = —p
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By invoking the correspondence principle, this must also hold in quantum me-

chanics. Consider a plane wave state with momentum, p" and position 7,

.

Uo7, 1) = en P ED.

p

Time reversal gives,

U7 1) > (7, —t) = en CPTHED — (i ), (2.27)

p

and thus time reversal can be represented by complex conjugation. Note that
time reversal is not Hermitian nor is it a linear map. Thus T has no associated
observable and is not strictly an operator.

The joint operation of C' and P is conserved in the strong and electromagnetic
interactions. It is known to be violated in the weak interaction, specifically in the
K and B meson systems, this is known as CP violation (CPV) and is discussed
in the next sections. The joint operation of CPT is thought to be exact in nature.
This symmetry is linked to Lorentz transformations and thus a violation of this
symmetry is a violation of Lorentz invariance. As a result, the operation of C'P
is equivalent but opposite to that of 7. As the operation of 7' is equivalent to
complex conjugation, a violation of the T symmetry, and thus the CP symmetry,

requires complex terms in the SM Lagrangian.

2.3 Mixing

When more than one fermion generation is considered, the Yukawa couplings of
Eq. become matrices encoding the couplings for each generation. These
matrices relate the flavour states of the leptons and quarks to their mass states.
This means that the couplings between, say the u and d quarks, in the electroweak
interaction are not necessarily the same as their couplings in the Yukawa terms.
In other words, the interaction states of the fermions and their definite mass
states may not be the same representations.

This was first parameterised by Cabibbo in 1963 [19], using only the first two

generations of quarks and a unitary transformation between the two bases,

d: _ | cos O sinfgo d | (2.98)
s —sinf- cosf. s
where d’ and s" are the definite mass states and 6 is the Cabibbo angle. This was

proposed when only three quarks had been discovered, however a fourth quark
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is needed as the up-type partner of the s quark. Thus the work of Cabibbo was
one of a number of formalisms that led to the prediction of the ¢ quark. The
square of the transformation matrix elements are proportional to the coupling
strengths to the electroweak interaction. Note that there is no reason why the
parameterisation cannot be in terms of the u or ¢ quarks instead.

It is found that the transformation is not a diagonal matrix such that quarks
can interact between generations. Thus unlike strong interactions, these weak
interactions can occur between quarks from different generations. This has
interesting consequences for meson lifetimes. Even when a weak nuclear decay is
allowed it will have a relatively long lifetime, which is a consequence of the large
mass of the weak bosons. An allowed strong decay is far more likely than a weak
decay, which will only dominate when the strong decay is forbidden by various
conservation laws. As a result, the lowest energy meson from each of the quark
families has a relatively long lifetime, as there are no available strong decays.
In this case, weak decays that violate quark flavour are allowed, but occur less
frequently. This also results in a characteristic cascade of decays down the quark
flavour families, such as B —+ D — K, and so on.

Experimental measurements of the Cabibbo angle find that 6, = (13.01 &+
0.03)° [9]. Thus the diagonal couplings are favoured with respect to the off-diagonal
couplings between the two generations. Interactions involving the diagonal ele-
ments are “Cabibbo favoured” (CF) while those involving the off-diagonal terms
are “Cabibbo suppressed” (CS).

The violation of CP symmetry was discovered in 1964 |20], and is discussed in
the next section. In 1973, Kobayashi and Maskawa looked to the Cabibbo matrix
to include CP violation in the SM [21]. As discussed in Section 2.2 CP violation

can only occur in complex terms of the SM Lagrangian. A unitary, and thus

1
2

of fermion generations (dimensions) [22]. For n = 2, the Cabibbo matrix contains

orthogonal, matrix contains 5(n—1)(n—2) complex phases, where n is the number
no complex phases. Kobayashi and Maskawa predicted an additional quark
generation such that one additional dimension is added to the transformation
matrix, which now has a complex phase. This new transformation matrix is called

the Cabibbo-Kobayashi-Maskawa (CKM) matrix,

d/ Vud Vus Vub d
s =1Va Vi Va S (2.29)
v Via Vis V) \b
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Again, the off-diagonal elements are suppressed as they are relatively small com-
pared to the diagonal elements. This can be seen more clearly in the Wolfenstein

parameterisation [22],

d 1-5%/2 B AB(p—in)\ (d
sl = -5 1—6%/2 ApB? s, (2.30)
7 ABP(1—p—in) —ApB? 1 b

where terms of order 3* are neglected. The values of the parameters are found to
be f =sinf- ~ 0.23, A~ 0.81 and p —in = 0.13 — 0.37: [9).

For neutral mesons this transformation matrix results in the phenomenon
of mixing. This is the suppressed process by which a meson can “mix” into its
anti-partner as shown in Fig. for D° mixing. Mixing processes are known to
occur in the K°, B, B? and D" meson systems. The exact same Lagrangian
terms for the leptons also results in neutrino flavour mixing, if the neutrinos are
prescribed a mass. The “box” diagram of Fig. is a highly suppressed process,
as it has an amplitude proportional to 8* at largest, depending on the intermediate
quark involved. The diagram is also suppressed by the GIM mechanism [23]. The
dominant process of D” meson mixing is the long-range contribution of Fig.
in which the initial D° decays into a state accessible by both D° flavours, such as
77 n~ or KTK~. The D" is then formed by recombination.

To investigate mixing in terms of the probability of a state interacting in its
matter or anti-matter state, the mass eigenstates are first written as a linear

combination of the definite flavour states,
[D%1) = p|D°) +¢| D), (2.31)

where p and ¢ are complex coefficients with [p|> + |¢|* = 1. The time evolution of

these states is determined by the Hamiltonian for the weak interaction and the

ds,b

o
_lnl
o!

Figure 2.1: Feynman box diagram of D’-D° mixing [24].
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Do O ! D’

Figure 2.2: Long range contribution to D-D” mixing [24].

time-dependent Schrédinger equation [25,26],

igmw»zfﬂwow=0w—gbywmx (2.3

where the non-Hermitian complex Hamiltonian matrix has been decomposed into

Hermitian mass and decay width matrices and,

(1) = (;g) | (2.33)

The solution to the eigenvalue problem is given by [25],

1 . )
Wit D) = 5 [(e A et i ooy (234
4 g(e—z’mzt—%l“gt . 6—im1t—%f‘1t)’50> ’
p

for an initial state \DO>, where m; and I'; are the eigenvalues of M and I" for the
two mass states. A similar expression exists for the state that is purely |D°) at
t = 0. The probability of an initial | D°) state interacting as a | D) state at some

time ¢ is given by,
2

|(EO|H|\I/(15; DO))|2 = %‘% e " (cosh (1y) — cos (tx)), (2.35)

and for a state that is initially |D°) at t=0, the probability of interacting as |D°)

is,
2

— 1
|(D°|H|¥(t; D°))|* = 5‘1—) e " (cosh (1y) — cos (tx)), (2.36)
q
where the mixing parameters are defined as,

Mo — My Iy =14

T = Ta Y= o 9

with average decay width, I := (I'; + I'y)/2 and time, 7 := I't.

(2.37)
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2.4 Violation of the CP symmetry

Comparing Eqgs. (2.35)) and (2.36) shows that the probabilities of pure initial

states interacting as matter or anti-matter are different if,

g
141 o

which would indicate a clear preference in nature for interactions in either the
matter state or the anti-matter partner state, and would be unambiguous evidence
of CP violation. This is one type of CP violation that is due to a difference in the
mixing rates of D° and D" and is known as CP violation in mixing. To investigate
the other two forms of CP violation, the full decay rate for a D° decaying to a
CP even final state f is [25],

D(D(t) = f) = [(fIH[(t: D)),
= %(3“|Af|2 [(1 + |)\f|2) cosh (y7) + (1 + |)\f|2) cos (z1) (2.39)

+ 2Re(Ay) sinh (y7) — 2Im(\) sin (xr)} :
where A; := (f|H|D") and A; := (f|H|D") are the transition amplitudes and,

_aAr al|As] e
A _ ‘pHAf ¢ié. (2.40)

_pAf

4

where the complex part of the first equality is absorbed into the “weak phase”,
¢. A similar decay rate, I'(D°(t) — f), for the initial |D°) state shows that the
rates are different if |A;| # 1. This can occur in three distinct ways, where the
first was discussed above. If the decay amplitudes are different, then one of the
decays to the final state f is favoured over the partner’s decay to f. This is known
as “direct” CP violation or CP violation in decay. Finally, if the weak phase is
not zero then there is interference between the first two types of CP violation.
The CP violation in mixing and interference are collectively called “indirect” C'P
violation.

Violation of the CP symmetry has been observed in the K, B, BY and B"
systems [20,27,28]. All current measurements of the D system show no evidence
of CP violation. The first discovery of CPV was made by observing CP violating
decays of the Kg and K mesons, which are the mass eigenstates [20]. These
two mesons have similar masses but very different lifetimes, resulting in a large
Al =Ty —I';, which gives a large probability for an initial state of one of these

particles to interact as the other. It was found that a beam of pure K; could
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decay to two pions, which violated CP symmetry. This suggests that the two
meson states are linear combinations of the true CP and flavour eigenstates, K,
K°, with very different linear coefficients. Thus in the K system there is indirect
CPV, |¢/p| # 1. There is also direct CPV in this system but it is found to be
much smaller than the indirect effect, due to the small order for which complex
terms appear in kaon decay quark couplings as in Eq. . It is the large width
difference between the mass eigenstates that makes kaon CPV large enough to be
observed.

For B meson decays the direct CPV effect is largest as AI' is much smaller
than in the kaon system, but the B meson decays have access to the |V,;|? coupling
in Eq. (2.30). This coupling is of order 3%, whereas the other accessible couplings
of the complex coefficient are of order smaller than 3°.

The apparent lack of CPV in the D systems can be explained as it neither
has a large amount of mixing, nor access to the larger order complex terms in the
CKM quark couplings. The |V,|* and |V,4|* couplings involved in D° decays only
contain the potentially CP violating complex part at an order below %, and the

lifetime difference and mixing parameters are very small [9].

2.5 CP violation observables

Of greatest interest to this thesis is the indirect violation of CP. Observables that
parameterise these effects are constructed in this section.

The mixing parameters x and y are not yet well measured due to the small
difference between the masses and widths of the D° mass states. In contrast the
K system has a very large width difference, which allows y to be more easily
measured. The D” mixing parameters are known to be of order 0.01 [9], as shown
in Fig. As a result, the trigonometric and hyperbolic terms in Eq. can
be Taylor expanded to first order, giving:

N(D(t) = f) = e_Ft|Af\2 {1 - ‘%‘ (y cos ¢ — xsin ¢)Ft} ) (2.41)

D(D°(t) — f) = e A, ll — ‘S‘ (y cos ¢ + x sin ¢)Ft1 : (2.42)

with similar expressions for a CP odd final state f. The above equation is modelled
as a single exponential in the analysis to follow, thus it can be written in terms of
an effective decay width. For the |D°) initial state this is,

T(D°(t) — f) = |A [?e T, (2.43)
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Figure 2.3: HFLAV average of the DY mixing parameters x and y from the CKM 2016

conference and assuming no CP violation @

where the effective decay time is related by 7 = 1/ [. The square brackets of
Eq. (2.41]) are a first order expansion of an exponential, for small x and y, and

can be written as,

A
I(D(t) = f) = e_Ft|Af|2exp {— %‘ ‘A_f (ycos ¢ — xsinqﬁ)Ft] : (2.44)
f
so that the effective decay width is,
. A
P(D0—>f):1“[1+‘g ‘A—f (ycos¢—xsin¢)}. (2.45)
piiay

The expected small size of CP violation in the D° system allows the assumption
that |g/p| is responsible for a small CPV in mixing effect and similarly [A;/A¢|

has a small component due to direct CPV,
+2

~ (14 A,). (2.46)

+2

A
- =(1+A4,), =7
fomaEa, |

The observables of interest are constructed as a sum and a difference of the

' p

effective widths,

yor = S — b Ar = : (2.47)



Chapter 2. Theoretical setting

In terms of the effective lifetimes, which are measured in this thesis, Ap is given

by,

Ap = (2.48)

T—7
where the hat symbol has been omitted for clarity. The difference and sum of the

effective widths are given by,

=

—T~2r {%(Am + Ay)ycos ¢ — (1 — é(A?n — 2AmAd)) x sin qb} . (2.49)

=

I +T ~ ZF{—%(Am+Ad)xsin¢+ (1 — %(Afn — 2AmAd)) y cos ¢ + 1}.

Then the observables are,

1 1
Yop = {_§<Am + Ay)zsing + (1 — g(A,Qn — 2AmAd)) Y COs gzﬁ} , (2.50)

1 1 1 .
aem o L Agyeoso = (1- 5 - 24,40 ) asino |

Some of these parameters can be neglected due to their relative sizes from experi-
mental measurements and constraints [6,[29]. The sin(¢) term is of order 107",
while the A,, and A, terms have maximum orders of 10~ and 10~2, respectively.

Only terms of order 1072 are kept such that the equations reduce to,

1 1
Yop R {—§Amx sin ¢ + (1 — gAi) Y cos ¢} ) (2.51)
An 1 1(A + Ay)ycos¢ — xsing (2.52)
r ~ Yop +1 9 m )Y . :

The observable y-p is predominantly a measure of the mixing parameter y, in

the absence of CPV. Any difference between the mixing parameter y and ycp,

Table 2.4: Recent results for Ar extracted from D’ hth™ decays. The errors quoted

are statistical and systematic uncertainties, respectively.

Collaboration AKTKET)(107%)  Ap(rt77)(107%)  Combined(107%)
Belle [30)] - - —0.3+20+0.8
BaBar [31] - - 0.942.6+0.6
LHCD (2010) [32] | —5.94+59+21 - -

LHCD (2011) [33] | —0.354+0.6240.12 0.3341.06 +0.14 -
CDF(2014) [34] ~19+15+04  —014+1.8+03 —1.2+1.2
LHCb (p tag) [35] | —1.34£0.777035  —0.92+ 145703,  —1.254+0.73
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indicates CPV. The Ar observable is a measure of indirect CPV and must be
consistent with zero to preserve CP symmetry. The observable of interest to this
thesis is thus Ap, and its measurement is described in detail in Part [[I Previous
measurements of Ap are shown in Table [2.4] where the first errors are statistical
and the second are systematic. All current measurements of A are consistent
with zero and with CP conservation in the D system.

In terms of the final states of interest in this thesis, the average width I' is the
decay width of the Cabibbo favoured (CF) decay D" — K~ n". No CP violating
terms enter into its decay amplitudes, and thus Ar measured with this decay is
expected to be zero. The effective widths, such as Eq. , are determined
in the CP even, singly Cabibbo suppressed (SCS) final states D’ KTK™ and

D°— 7™ by measuring their effective lifetimes, 7.
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The data analysed in this thesis were collected using the LHC beauty (LHCb)
detector, which is one of seven experiments taking data from collisions at the
Large Hadron Collider (LHC), located on the French-Swiss border near Geneva.
The detector is operated by the LHCb collaboration consisting of about 1,400
members, and the collider is operated by the European Organisation for Nu-
clear Research (CERN). The accelerator chain of the LHC and its design are
described in Section [3.1} Detailed descriptions of the LHCb sub-detectors and
their performance are given in Section [3.2]

3.1 Large Hadron Collider

The LHC [36],37] is a circular proton-proton (pp) collider with a circumference of
26.7km and a design centre-of-mass energy (/s) of 14 TeV. The centre-of-mass-
energy is a measure of the energy of the colliding protons in the centre-of-mass
frame. The LHC has a design luminosity of 10** cm s~ " and a design collision
rate of 40 MHz. It began operations in 2008 and started taking data in late 2010
and throughout 2011 at an energy of \/s = 7TeV and a collision rate of 20 MHz.
In 2012 the machine took data at a centre-of-mass energy of 8 TeV before being
shut down in early 2013 for two years of repairs and upgrades to allow for higher
energies. Since 2015 the machine has been running at the design collision rate
with a bunch spacing time of 25ns and a centre-of-mass energy of 13 TeV. The
first running period of the machine from 2010 to 2013 is known as Run 1 and the
second running period from 2015 to 2018 is Run 2.

Six other experiments directly use collisions from the LHC. The high lu-

minosity general purpose detectors ATLAS [3§] and CMS [39], use the maxi-

47



Chapter 3. Experiment apparatus

CMS

LHC

Noﬁ'th Area

LHCb

ALICE

SPS

o

ATLAS

CN();‘\

2005 | Gran Sasso

TT60

AD

East Area

K LINAC 2 — o
neutrons LE]R ) e-
<X .
LINAC3 2005 (78 m)
lons
» ion » neutrons » p (antiproton) —H— \/antiproton conversion  » neutrinos  » electron

Figure 3.1: Schematic of the CERN accelerator complex, showing the LHC accelerator
chain |\

mum luminosity provided by the LHC. The dedicated heavy ion experiment,
ALICE studies quark-gluon plasma. There are also three smaller experiments,
MoEDAL [41], which searches for magnetic monopoles, LHCT [42], which studies
particles produced at small angles with respect to the beamline (“forward region”)
and TOTEM , which measures cross-sections and scattering processes in the
forward region.

The chain of accelerators supplying protons to the LHC is shown in Fig. |3.1
The initial protons come from a hydrogen gas source that is ionised to strip away
the electrons. The first accelerator in the chain is the linear accelerator, LINAC2,
which accelerates the protons to an energy of 50 MeV. The next stage in the
chain is the proton synchrotron booster (PSB), which consists of four separate
synchrotrons. In the PSB the protons are arranged into bunches of order 10"
protons each. The proton bunches leave the PSB in groups of six with an energy
of 1.4 GeV. The purpose of the PSB and its four synchrotrons is to increase the

rate at which the next step in the chain, the proton synchrotron (PS), can be
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Figure 3.2: Schematic of the LHC collider showing the four main experiments, the

eight numbered sections and an exaggerated layout of the curved and straight beam

trajectories [45).

filled. The PS splits each of the six PSB bunches into 12 using radio frequency
(RF) cavities of different frequency, then accelerates them to 25 GeV with a bunch
spacing time of 25ns (50ns in Run 1). The bunches are then injected into the
super proton synchrotron (SPS). The total number of bunches that can fit in the
PS is 84, thus there are 72 bunches and 12 empty “spaces” in the PS. This gap
is necessary to provide the kicker magnet for SPS injection with 300 ns of rise
time. The SPS accelerates the bunches to 450 GeV before injecting them into the
transfer lines to the LHC. The LHC is capable of holding 2,080 bunches in each
beam at the design bunch spacing.

The LHC ring is divided into eight sections as shown in Fig.[3.2] There are four
curved sections of the machine and four straight sections where the experiments
are located. The LHC consists of two adjacent isolated beamlines for counter
rotating beams of proton or heavy ion bunches. A common beamline is used for
both beams only in the interaction regions where the collisions take place. Due

to size limitations in the underground LHC tunnel, both beamlines are contained
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within the same mechanical structure. A “two-in-one” magnet design is necessary,
where two sets of coils are arranged to produce flux in opposite directions within
the beamlines. The magnet coils are made of a Niobium-titanium (NbTi) alloy
and become superconducting below about 10K, but are operated at a temperature
of 1.9K to give a field strength of 8.33T. The machine consists mostly of magnets
with different numbers of poles, each of which has a different function. There
are 1,232 dipole bending magnet sections, each 15m in length, that constrain the
beams in a circular trajectory. The magnets themselves have a slight longitudinal
curvature, except those in the straight sections. Quadrupole magnets are used
to squeeze and focus the beams, while higher order magnets and collimators are
used to clean the beam and further focus it. Each beam is accelerated by eight
400 MHz RF cavities located in section 4, which provide 485keV to each beam
per orbit. Kicker magnets are used to quickly change the beam direction when

injecting it from the SPS transfer lines or moving it towards the beam dump.

3.2 LHCDb detector

The LHCb detector [46,47| is a forward arm spectrometer covering the pseudo-
rapidity region 1.6 < n < 4.9, where n = —In (tan(6)/2) and 6 is the polar
angle from the beamline with a range of approximately 10— 300 mrad horizontally.
In the vertical direction the angular acceptance is in the range 10— 250 mrad
approximately. The main purpose of LHCb is to search for indirect evidence of
physics beyond the SM and to measure CP violation in the heavy flavour sectors,
specifically particles that contain b or ¢ quarks such as the B and D mesons. The
detector is designed to cover a narrow range in the forward region as b-b quark
pairs are predominantly produced in the same forward or backward cone along
the beam direction, due to the high probability of the interacting partons having
unequal energies. The geometry of LHCb maximises the detector length within
the available cavern space.

Decays of B and D mesons typically occur at secondary decay vertices (SVs)
that are displaced from the primary interaction vertex (PV). This is due to
the relatively long lifetimes of these mesons, (1.520 + 0.004 ps) and (0.4101 +
0.0015ps) [9], for B® and D° respectively, which allow them to travel a few
millimeters before decaying. Good spacial resolution of vertices is essential as
many analyses, including those presented in this thesis, depend on measuring

decay times. This is primarily achieved by reducing the number of vertices in
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any one event by operating the detector at a lower luminosity than that provided
by the LHC. By offsetting the colliding beams by 1—3c of the beam profile, a

2571 is maintained so that the number of PVs

nominal luminosity of 2 x 10** ¢cm™
in each event is close to unity. The uncertainties associated with assigning the
correct PV to an SV are greatly reduced by this modification.

Measurements of the luminosity at LHCb use two different methods [48]. The
“van der Meer scan” method moves the beams in the two transverse directions
to change the size of the overlapping region while measuring decay rates. The
“beam gas imaging” method injects Argon gas into the interaction region. Decay
vertices are constructed from particles produced by the beam interacting with
the gas. The distribution of the vertices gives a measurement of the size of the
interaction region and the rate of interactions.

LHCb has a right-handed coordinate system centered in the VELO sub-
detector, with the beamline from LHC section 7 to section 0 defining the positive
z-axis. The z-axis is horizontal and points away from the LHC centre and the
y-axis is vertical and points upwards. The detector is split into two halves, the
A-side, in the positive x direction (Airport side) and the C-side in the negative x
direction (LHC Centre side).

The LHCb magnet has a window-frame design through which the beam passes.
The complex shape of the magnet follows the outer edge of the detector acceptance
and supplies an integrated magnetic field of 4Tm for tracks 10m in length. The
field covers only a small region along the z-axis of the detector with uniform field
lines pointing in the negative y-axis direction. The section of the detector on
the interaction region side of the magnet is referred to as “downstream” of the
magnet, while the opposite section is referred to as “upstream” of the magnet.

Like all particle physics detectors, LHCb is made up of different layers, shown
in Fig. [3.3] that have different functions and measure different quantities. Three
main aspects of the detector are covered here along with the associated sub-
detectors that comprise the different layers. These are the tracking systems, which
are comprised of the VELO, silicon and outer tracker sub-detectors; the particle
identification system which consists of two ring imaging Cherenkov detectors,
calorimeters and muon stations; and the trigger system which is implemented in

hardware and software.
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Figure 3.3: Cross-section of the LHCb detector. The beamline can be seen going from
left to right through the centre of the apparatus. From left to right the sub detectors
are the vertex locator (VELO), first ring imaging Cherenkov detector (RICH1), tracker
Turicensis (TT), magnet, inner silicon trackers and outer trackers (T1 - T3), RICH2,
scintillator pad detector and preshower (SPD/PS), electromagnetic calorimeter (ECAL),
hadronic calorimeter (HCAL) and the muon stations (M1 - M5). The proton-proton
collisions happen to the far left of the diagram, inside the VELO. The upper acceptance
region is shown by a straight black line originating at the interaction point in the VELO.
The positive z-axis points into the page .

3.2.1 Tracking

The particle tracking system at LHCb consists of four sub-detector elements. The
vertex locator (VELO) surrounds the interaction region and provides precision
measurements of PVs and SVs. The tracker Turicensis (TT) is located before the
magnet and provides hit position information in that region. The outer tracker
(T1-T3) modules are placed after the magnet and along with the hit positions
before the magnet allow the curvature of a charged particle’s track in the magnetic

field to be determined. Each inner tracker (IT) module is placed in front of each
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Figure 3.4: Diagram showing the LHCD tracking stations with the other sub-detectors
removed and the beamline passing through the middle. The TT is the left most station

shown in purple, the tracking stations (T1 - T3) are shown in teal with one quadrant

cut away. The ITs are between the tracking stations and shown in purple also .

outer tracker module. The IT provides precision hit position measurements in
the high occupancy region at the centre of the LHCb acceptance surrounding the
beamline. The TT and IT are together known as the silicon tracker. Fig.
shows the position of the TT, IT and outer tracker sub-detectors.

Vertex Locator

This section describes the VELO sub-detector [49], which provides excellent vertex
resolution that is essential to the physics goals of LHCb. The VELO contains
84 silicon strip sensors placed perpendicular to the beamline and arranged into
modules that each contain 2 sensors. The sensors consist of an n-type silicon
bulk with narrow strips of n'-type silicon on the front surface. The strips have a
higher dopant concentration than the bulk and thus more active charge carriers.
A plane of p-type silicon is on the back surface of the bulk and a bias voltage is
applied across the whole sensor. When a particle passes through the depletion
zone, positive and negative charge carriers are produced. The negative charge
carriers drift along the electric field to the n-type strips on the front surface of
the bulk and the positive charge carriers drift to the sensor back plane. The
distance between the strips, known as the “pitch” is a key parameter in defining

the resolution of a sensor.
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Figure 3.5: Diagram of an R-sensor and a ¢-sensor, one from each half of the detector
and thus from two different modules. The diagram shows the layout of the strips, as
discussed in the text, and the routing lines used to readout the strips. The beam passes

through the cut-out between the sensors.

Cylindrical coordinates, (R, ¢, z) are used locally within the VELO, where z lies
along the beamline, R is the radius from the beamline and ¢ is the azimuthal angle.
The silicon strip sensors are arranged to measure positions in these coordinates.
The sensors are semi-circular with a radius of 41.9 mm and a cut-out in the middle,
through which the beam passes, as in Fig. 3.5 There are two sensor types, one for
R coordinate measurements and one for ¢ coordinate measurements. R-sensors
have their strips arranged in a circular pattern such that the strips near the beam
are shorter. To reduce occupancy in any one strip each semi-circle is divided into
four regions each covering 45° in ¢ so that each strip is divided into four smaller
strips that are read out separately. The strip pitch near the beamline is smaller
than the pitch at the outer edge of the sensor, which makes the resolution better
at smaller values of R. The ¢-sensors have their strips arranged along the radial
direction. Again, to decrease occupancy, these sensors are split into two sections,
one with R < 17.25 mm, which has a smaller pitch than the second section with

R > 17.25mm. An improved pattern recognition results from the introduction
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Figure 3.6: Diagram showing the layout of the VELO stations as described in the text

along with relevant measurements [46].

of a small skew so that the strips are arranged at a small angle to the radial
direction. The ¢-sensors in alternate modules are flipped such that the sign of
this skew changes. A module consists of one R-sensor and one ¢-sensor mounted
back-to-back on a support structure that also houses the electronic readout hybrid.
As with most LHCb sub-detectors the VELO has two halves that separate along
the beam position, but unlike other sub-detectors the VELO halves are regularly
moved to centre them around the beamline. There are 21 stations each consisting
of two modules mounted on opposite halves. The stations are arranged along
the z direction with a finer spacing between modules in the region close to the
interaction point, as in Fig. [3.6 The z coordinate of a sensor hit is known from
the z position of the module and its uncertainty. It can be seen that the modules
on opposite sides of the detector have slightly offset z positions. This is to allow
for a small overlap between the two sides that precludes a gap in the ¢ coordinate
coverage.

The LHC beam propagates through a highly evacuated (primary vacuum)
beamline at a pressure better than 10~° mbar [46]. The VELO is also operated in
a vacuum (secondary vacuum) to reduce the material budget each particle must
pass through. As the modules are so close to the beam during operation it was a
great technical challenge to separate the two vacuum regions. This is achieved
using a very thin aluminium sheet called the “RF foil”. Aluminium is used as it
has a low Z number and is easily machined. The foil is 0.33 mm thick and must
be corrugated so that it can fit between the stations’ sensors. It was thought
that the corner of the sensor between the beamline cut-out and the straight edge
might damage the thin foil. As a result the corner was softened as can be seen in

Fig. [3.5] resulting in a small drop in overall acceptance.
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During operation the sensors are 8 mm from the LHC beam. This makes them
the closest active part of any LHC detector to the beam. However, during filling
the beam position cannot be guaranteed. To protect the VELO it is necessary
to retract the two halves including the RF foil by 29 mm. The two halves of the
VELO can be remotely moved independently in the z-direction, and together in
the y-direction, so that the VELO can centre around the interaction region. The
procedure for closing the VELO is fully automatic and takes about 3 minutes.
Vertices are constructed from the hits in the sensors, which indicate the position
of the interaction region. The VELO halves move closer to this region, take more
vertex measurements to better constrain the location of the interaction region,
then move closer again.

To maintain the secondary vacuum and reduce radiation damage the sensors
are cooled to (—7 4 2)°C. The cooling substance is liquid CO,, which transitions
to a gas as it absorbs the heat in the sensors and electronics. It is supplied to
the modules through 27 capillaries in each module. Low temperatures are used
to reduce the mobility of defect ions that are separated from the silicon lattice,
which is an effect of radiation damage. The sensors were operated with a reverse
bias voltage of 150V in Run 1, which is being increased as the sensors become
more irradiated during Run 2.

The VELO pattern recognition [49] first groups R-sensor clusters consistent
with a straight line from the interaction point then looks for ¢-sensor hits along
the same line. A candidate track is required to have at least three R and three
¢-sensor hits. Another algorithm is then run to find clusters that can be linked
with a candidate track that does not originate from the interaction point. A
similar algorithm makes points from corresponding R and ¢-sensors on the same
module and uses them to make tracks.

The hit residual of the VELO is determined as the difference between the
cluster position in a sensor and the intersection of the resulting track fit with that
sensor. The correlation between the cluster position and the track fit is taken into
account as the cluster is used in the track fit. A Gaussian fit to the distribution
of residuals gives the hit resolution. This resolution increases linearly with the
strip pitch as expected. Fig. [3.7(left) shows the resolution divided by the strip
pitch against the projected track angle, defined as the angle between the track
and the sensor normal, in the plane perpendicular to the sensor and to the normal
plane of the strips. Tracks with larger projected angles have longer paths in the

sensor and may cross more strips. The resolution is better for larger projected
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Figure 3.7: Shown are (left) the VELO hit resolution divided by strip pitch as a function
of track projected angle and (right) the LHCb decay-time resolution against momentum,
p, for 2012 and 2015 data taking [49].

angles as charge is more likely to be deposited in two strips and thus provide two
measurements of the hit position. The weighted average of multiple strip clusters
is taken as the hit position.

The PV resolution improves greatly with the number of tracks used to construct
it and worsens by 5—10% for each additional vertex in the event. The transverse
PV resolution varies between 10 um and 35 um for between 5 and 40 tracks per
PV. The impact parameter (IP) is the closest distance of approach between a
vertex and a track. It is larger on average for tracks coming from a displaced
SV, such as the daughter tracks from the decay vertex of a long-lived D° meson.
The IP resolution depends strongly on 1/p,. It also depends on the VELO hit
resolution, detector material effects, and crucially the distance between the PV
and the first hit of the track in a VELO sensor. The decay-time resolution, shown
in Fig. [3.7(right), is measured to be 50 fs in this four body decay, but has some
dependence on the number of tracks in the vertex, the decay-length resolution,

SV resolution and particle momentum.

Tracker Turicensis

The tracker Turicensis (“Zurich” tracker) [46,47] is made from 500 pm p-on-n
silicon strip sensors with a strip pitch of 183 wm and is placed downstream of the
magnet. It consists of four layers of sensors each separated by 27 cm and covers

the full LHCb acceptance region. The first and last sensor layers are arranged
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Figure 3.8: Diagram showing the second TT sensor layer with a half module indicated

and the different readout sectors labelled .

vertically while the second and third have an angle to the vertical of +5° and —5°,
respectively, which improves track finding. The first two layers are made from
34 half modules as indicated in Fig. [3.8 while the second two layers have four
extra half modules to cover the larger acceptance. The half modules are made
from seven sensors arranged into either two or three readout sectors such that the
inner sectors with higher occupancy have fewer sensors to readout. The cooling,
support and readout electronics for all sensors in each half module are located
at the end of the module, outside the LHCDb acceptance. Adjacent half modules
are offset by about 1cm in x and z to cover small acceptance gaps and to help
with alignment calibration. The hit resolution of the T'T was 53.5 um with a hit
efficiency of 99.8% in 2012.

Outer Tracker

The outer tracker , is a drift-time detector made from 2.4 m long “straw-
tubes”, which consist of an anode wire inside a cathode cylinder with a diameter
of 4.9 mm. An electric field is maintained between the anode and cathode and the
cylinder is filled with gas. When a particle passes through the cylinder, the gas is
ionised and the charge clouds drift to the electrodes. The choice of Argon, CO,
and O, gases gives a drift time below 50 ns, which is necessary to reduce latency.

There are three stations in the outer tracker arranged along the 2z coordinate
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Figure 3.9: Diagram showing the three stations of the outer tracker, with the second
station opened along the beamline. Each station has four layers shown in dark grey,
each of which contains two layers of straw-tubes. The cross-shaped cut-out around the

beamline is also shown [50].

direction. Each station has four layers, with the second and third offset from the
vertical by £5° as shown in Fig. [3.9, The layers are made from two monolayers of
straw tubes that are horizontally offset from each other. There are 24 straw-tube
layers in total. An inner cross-shaped section of the LHCb acceptance is not
covered by the outer tracker. It is covered instead by the IT, which has a higher
resolution.

The outer tracker hit efficiency from Run 1 data taking is found to be 99.2%

and the hit resolution was approximately 200 pm.

Inner Tracker

The three IT [4647] stations are placed in front of each of the outer tracker stations.
Each consists of four isolated boxes, one above and one below the beamline and
one to each side of the beamline, with small overlaps to remove acceptance gaps.
The IT covers a region around the beamline that is approximately 40 cm high and
120 cm wide. Each box contains four layers of seven modules, and each module
contains one or two sensors as shown in Fig. [3.10] The sensors are 7.6 cm x 11 cm
and are silicon strips as in the TT. The single module sensors are 320 um thick
while the double module sensors are 410 um thick, where all sensors have a strip
pitch of 198 pum.
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Figure 3.10: Diagram showing one detector layer of one IT station, each of the sections
is from one of the four boxes. Each IT box contains four sensor layers. Sensors are
shown as light blue rectangles. The upper and lower boxes have one sensor per module

and the A and C-side boxes have two sensors per module. [46].

The hit efficiency of the IT in 2012 was 99.9% while the hit resolution was
approximately 54.9 um and varies with the track projected angle as the hit

resolution depends on the number of strips crossed by the track.

3.2.2 Particle identification
RICH detectors

Ring imaging Cherenkov (RICH) detectors are used to identify different types
of particles. They are essential for discriminating kaons from pions and for
determining the final state particles of a decay. These detectors make use of the
Cherenkov effect, which states that a charged particle with a velocity v moving
through a medium with refractive index n such that v > ¢/n, where c is the speed
of light in vacuum, will produce coherent radiation at a characteristic angle from
the particle’s trajectory. In other words, if a charged particle’s velocity is greater
than the local speed of light in that medium, coherent photons will be produced
at a definite angle with respect to the particle trajectory. This angle is given

by [51],

I cm
pn pn’
where p and m are the particle momentum and mass, respectively. Thus the mass

cosf = (3.1)

of an incident particle can be determined if the refractive index of the material
and the particle momentum are known.

The ring imaging variant of these devices uses the cone of photons produced
around a particle’s trajectory. The photons are projected onto a plane of hybrid

photon detectors (HPDs), where they appear as a ring. The particle’s momentum
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Figure 3.11: Graph of (left) momentum versus Cherenkov angle in the C,F;, radiator
for tracks with no overlapping Cherenkov rings, which shows the separation between
different particles and (right) of kaon and pion identification efficiencies as kaons for

2011 data showing efficiencies for two likelihood hypotheses [52].

is determined from its curvature in the LHCb magnetic field, which is used along
with various mass hypotheses to determine a set of Cherenkov angles. The mass
hypothesis for which the Cherenkov angle fits best to the data is assigned to the
particle with some likelihood.

In LHCD there are two RICH detectors, which are placed before and after the
magnet and together cover a momentum range of 2100 GeV. The RICH devices
perform better with low polar angle tracks. Thus RICH1 downstream of the
magnet measures the particle velocity for low momentum tracks before they are
deflected to high polar angles by the magnet, or swept out of the LHCb acceptance,
and the upstream RICH2 measures the velocity of the high momentum tracks
that are less deflected in the magnetic field. For this reason it is not necessary
for RICH2 to cover the entire LHCb acceptance; only the angular acceptance of
120 mrad (100 mrad) horizontally(vertically) is covered.

RICHI1 covers the entire LHCb acceptance except for a small region around
the beamline. It contains silica aerogel radiator as well as C,F,, gas radiator, the
performance of which is shown in Fig. [3.11{(left). The aerogel was removed after
2012 data taking due to its overall poor performance. RICH1 has one spherical
mirror and two plane mirrors. The spherical mirror is placed at the upstream end
and surrounds the beamline. The particles pass through the radiator as they enter
from the VELO and the Cherenkov photons reflect off the spherical mirror. The
incident particle then continues on through the spherical mirror as it is within

the acceptance. For this reason the mirror cannot be made from glass as this
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would be a significant contribution to the radiation length. Instead a polymer
is used that is supported by carbon fibre. The support structure of the mirror
is mounted outside the acceptance. The planar mirrors reflect the Cherenkov
photons parallelly onto the photon detectors. They are outside the acceptance so
can be made of glass.

RICH2 performs a similar function to RICH1 except that it has a CF, gas
radiator only. The photon detectors need to be outside the 300 mrad LHCb
acceptance so the outer edges of the device are much larger.

To determine the type of a particle passing through the detector, a likelihood
function, £, is maximised as explained in [53]. It is not feasible to check all
possible combinations of particle and particle type as there are a large number of
possibilities. Instead, the pion mass hypothesis is used for all particles, as these
are the most numerous. The mass hypothesis for each track is then changed in
turn to either K, p or u. The change of mass hypothesis for a single track that
gives the largest increase in the likelihood is selected as its preferred hypothesis.
This process is iterated on the remaining tracks to find the next largest increase
in the likelihood. Using this process, the likelihood of a particle being of type x is
given by the likelihood difference,

ALL(z —7) :=1In (%) . (3.2)

The likelihood of a particle identified as a kaon is used frequently throughout this
thesis, and is defined as PIDK := ALL(K — ).

The efficiencies for identifying a kaon or pion as a kaon are shown in
Fig. [3.11|(right), which shows a trade-off between the efficiency for successfully

identifying kaons and the misidentification efficiency for pions.

Calorimeters

The purpose of the LHCb calorimeters [46,54,55] is to detect the position and
energy of charged and neutral particles and to provide some information on the
type of particle detected. It must operate fast enough to provide transverse energy
measurements to the trigger system every 4 us. The LHCb calorimeters consist of
four parts, in order along the z-direction these are the scintillator pad detector
(SPD), the preshower (PS), the electronic calorimeter (ECAL) and the hadronic
calorimeter (HCAL). All four parts have a similar structure and similar operation.
The general structure of these detectors are alternating layers of absorbers and

scintillator pads. Absorber pads are usually high Z materials that cause the
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particles passing through them to lose energy by producing secondary particles in
a number of processes depending on the particle type. The secondary particles
then enter the scintillator pads where charged particles deposit their energy in
the form of light. The ECAL and HCAL calorimeters used in LHCb are of the
“shashlik” type, which means that wavelength shifting fibers (WLS) are inserted
through the detector perpendicular to the faces of the absorber and scintillator
pads. These fibers receive the photons from the scintillator pads and emit a larger
number of lower energy photons. The low energy photons are then guided through
an optical cable to a photomultiplier tube (PMT) where the signals are amplified
and counted. Shashlik type calorimeters are used as they allow the detector to be
read out quickly.

The type of interaction in a calorimeter depends on the type of particle.
Electrons lose most of their energy due to bremsstrahlung radiation while photons
lose energy by pair production of electrons and positrons. An incident particle
creates an electromagnetic shower in the calorimeter where secondary particles go
on to produce tertiary particles and so on. This continues until the particles in
the shower have an energy below the threshold needed to excite charged particles.

The SPD and PS calorimeters together are two scintillator pad detectors
separated by 15 mm of lead absorbers. The purpose of these detectors is to remove
a large background of low energy electrons before they reach the main electronic
calorimeter.

The ECAL covers the entire LHCb acceptance except for a 25 mrad region
around the beamline where there is high fluence. Fig.|3.12/shows one of the ECAL
modules. The modules consist of 2mm thick lead absorbers, 120 um TYVEX

paper and 4 mm scintillators.

Muon Stations

Detection of muons is essential to the physics goals of LHCb as a number of
interesting B decays contain muons in their final states. The muon detection
system [46],47] comprises five muon stations as shown in Fig. [3.13] The muon
stations are wire chambers that consist of a cathode plate and a number of anode
wires separated by a gas. The gas is ionised when a charged particle passes
through it, the ions are then accelerated by the electric field across the chamber
and collected and counted by the anode wires. The LHCb muon stations contain
Argon, CO4 and CF,.
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Figure 3.12: Diagram of an ECAL module from the inner region showing the absorber
and scintillator layers. The wavelength shifting fibers in the shashlik design, and the
photomultipliers are also shown .
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Figure 3.13: Diagram of the five muon stations showing their positions along the z

direction and the angular size of the four sections of each station |\
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Figure 3.14: Graphs of (left) the muon identification efficiency and (right) the kaon
misidentification efficiency, both of which are shown against particle momentum and

shown for a range of particle p, values [47].

One of the five muon stations is before the calorimeters to improve overall p,
measurements. The transverse displacement of a charged particle between M1
and M2 gives a measure of the p, and having M1 further downstream improves
resolution. M1 has a triple-GEM detector in its inner region as wire chambers
would be damaged by the high fluence. Muon stations M2 —-Mb are separated
by 80 cm iron absorbers to reduce the energy of the incident muons and to stop
particles that are not muons. The minimum momentum a muon would need to
traverse these stations without being stopped is 6 GeV/c. If a particle traverses
the full detector and has a hit in all 5 muon stations it is most likely a muon as
other leptonic and hadronic particles are stopped in the calorimeters. The first
three stations have good spatial resolution while the last two stations do not, as
their purpose is only to determine if a particle had large penetrating power. The
stations are divided into four different sections R1 - R4, which increase in size
with distance from the beamline such that each section has similar occupancy.
For a confirmed muon hit the candidate must be detected in M1 to M3. If the
candidate has a momentum greater than 6 GeV/c it must also be seen in M4 and
M5 to be considered as a muon. The reconstruction of the muon trajectory is
done using the tracking stations and muon stations M2 and M3. The muon and

kaon identification efficiencies as muons are shown in Fig.
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Figure 3.15: Schematic of the trigger data flow for Run 1. Note that the actual bunch
crossing rate is lower than the design bunch crossing rate .

3.2.3 Trigger

The purpose of the LHCb trigger [46] is to reduce the data rate from the 20 MHz
bunch crossing frequency (during Run 1) to a manageable 2 —5kHz storage fre-
quency. It must have a high efficiency for selecting interesting physics events and
a short latency. During Run 2 the bunch spacing time is 25 ns, but the number of
bunches in the machine never reaches its theoretical maximum and the data rate
is approximately 32 MHz. The collision frequency is also reduced by the lower
luminosity delivered to LHCb.

The trigger is implemented in two stages, a hardware stage called Level 0 (LO0)
and a software stage known as the high level trigger (HLT). A schematic of the
trigger data flow in Run 1 is shown in Fig. |3.15]

LO trigger

The LO trigger is implemented completely using custom built electronics that
reduce the event rate to 1 MHz. The time in which the LO trigger must decide
to keep or discard an event is 2 us. Not all sub-detectors are fast enough to be
used in the L0 decision and none of them can supply all the available data. The

sub-detectors supplying simplified data to the L0 decision unit are the calorimeters
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and the muon stations.

The calorimeter trigger starts by combining the energy of different hits into
2 x 2 clusters. It calculates the transverse energy, E;, of these clusters and keeps
only the hit with the highest energy for the LO decision. Candidate particles
are identified by the calorimeters as either photons, electrons or hadrons. If the
number of hits in the SPD is greater than a threshold of order 600 —900 the event
is vetoed due to the amount of time it would take to reconstruct. The total energy
in the HCAL is summed to reject any events that appear to have no interactions.

The muon stations provide p, and position information about candidate muons.
The LO trigger requires a muon candidate to have a hit in each of the five stations
that can be joined by a trajectory through all hits to the interaction point. The
two muon candidates with the highest p, are kept. The reason for this is the
importance of decays involving two muons to the physics goals of LHCb, for
example the BY — pt ™ decay [56).

The LO threshold values for selecting an event based on the E, in the calorime-
ters, the muon p, and the number of SPD hits are given in references [47] and [57].
The LO output contains one or all of the following measurements: the trans-
verse momentum of two muons, the energy deposited in the calorimeter, and the

calorimeter particle identification.

High level trigger (HLT)

The high level trigger is split into two stages, HLT1 and HLT2, which aim to
remove uninteresting events. They are implemented entirely in software and as a
result can be exactly simulated offline. HLT1 reduces the data rate from 1 MHz
to 30 kHz at which point a full reconstruction can be done in HLT2. It begins by
confirming L0 objects using a number of algorithms run in different sequences
for different LO decision. These algorithms involve either constructing candidate
tracks in the VELO or in the other tracking stations (T-stations). If the LO
decision object was seen in the calorimeters it searches the T-stations in regions
consistent with both positively and negatively charged particles. If the fit to the
candidate’s trajectory is not consistent with the L0 object the event is rejected.

HLT2 uses exclusive and inclusive “streams” that partially or fully reconstruct
decays. Mother particles are constructed from the HLT1 candidates such that
the combined mass lies within certain ranges. The details of the HLT?2 triggers
vary greatly between the various “trigger lines”. The general idea is to select only

composite particles that match the desired decay within certain loose selection
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requirements on mass and other observables. The HLT2 reduces the data rate
from 30kHz to the readout rate of 2-5kHz. These events are then stored on disk

to be analysed offline.

3.2.4 Trigger in Run 2

During data taking in Run 1 the trigger saved the full event information for each
selected event to disk. Offline reconstruction and a further selection, known as
“stripping”, could then take place on the saved data. This strategy was necessary so
that the saved events could be reconstructed with the most up-to-date alignment
and calibration information of the detector and to give analysts access to the full
event for offline calculations of efficiencies.

The maximum LHCb output rate is limited by computing challenges such as
storage and processing time. To address these issues, the “turbo stream” [58] was
introduced for Run 2. To reduce the storage space for each event, the turbo stream
saves only the trigger objects associated to the decay of interest and discards
the other tracks and measurements from the event. To minimize the number
of data processing steps and thus reduce computing time, the stripping step is
made redundant by the turbo stream. Events are buffered in this stream while
the alignment and calibration of the detector are updated. The buffered events
can then be processed with the updated calibration such that the data are of the
same quality as the stripped data from Run 1.

This new stream is used along with the standard Run 1 streams, but it is
expected that a larger number of analyses will switch to the turbo stream over
time. Indeed, in future runs of the LHC it will not be possible to store and process
events as was done in Run 1, due to the expected increase in the amount of data
with the upgrade of the LHCb experiment in 2019/2020.

3.3 LHCDb simulation and software

The data processing chain used by LHCb is described here, from initial collision
data to user analyses. Many of the packages used on real data are also used to
process simulated data. The common packages between simulation and real data
are described as well as the packages and libraries used in the simulation.

The LHCb Monte Carlo (MC) simulation generates data-like events within
a simulation of the LHCDb environment. The simulated events may be used for

determining selection efficiencies or acceptances, determining the fraction of a
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background within the signal sample, training machine learning algorithms, or
determining the distributions of observables.

The first software package involved in the simulation is GAuss [59], which
produces the particles and simulates their transport through the detector. GAUSS
relies on external packages for many applications. The PyTHIA 8 package [60] has
been used since 2012 to simulate the pp-collisions with the desired centre-of-mass
energy. It handles the initial parton-parton interactions as well as parton showers
and the formation of complex hadrons. It uses the LHAPDF [61] set of parton
distribution functions to model the internal structure of the colliding particles,
with parameters tuned to match the multiplicity observed in LHCb real data.
Next the EVTGEN [62] package handles the evolution of the complex particles with
time and their subsequent decays. A model of the LHCb detector is used along
with the GEANT4 [63] toolkit to model the traversal of the LHCb sub-detectors
by the final state particles produced by EVTGEN. The type of material and the
type of particle are accounted for to determine, for example, the amount of charge
deposited in a sensor by a single track.

Another LHCD software package, called BOOLE, takes the information supplied
by GEANT4 for each sensitive element in each sub-detector and simulates how
the charge deposition is converted into digital signals. In silicon detectors this
involves the distribution of charge along the particles track within the sensor and
the diffusion of that charge to the sensor readouts.

The MOORE package is responsible for running the three-stage trigger on real
data and on simulated data. The LO trigger is hardware based and so must be
emulated by MOORE. However, the HLT1 and HLT?2 triggers are software based
and can be run on the simulated data exactly as they are run on real data. From
this point on the simulated data goes through the same processing chain as real
data. The only significant difference is that the truth information about the
simulated particles is stored. This includes the true particle ID, the true vertex
positions, a unique ID for the true parent, and so on.

The next step in the data processing chain is the reconstruction of trigger
objects and detector hits into tracks and vertices. This is done with the BRUNEL
package. The reconstruction is run when the data is first taken, but can also
be run after data taking to update the reconstruction with new versions of the
software.

The final steps of the process are handled by the DAVINCI package. The

stripping step is run on the data as a further selection and reconstruction. It
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is similar to the HLT2 trigger, but has fewer time constraints and has access
to particle identification (PID) information. Newer versions of the stripping are
often run over the data to include new filtering algorithms and fix problems. In
Run 2, data from the turbo stream is not processed by the stripping. The turbo
stream has access to the full reconstruction and PID information and thus the
stripping is not necessary. The objects in the turbo stream are reconstructed with
a specially developed package called TESLA, which is a part of DAVINCI.

At this point the analysts have access to the data files. The analysts use
functionality within DAVINCI to read the files and find events that have passed
specific trigger and stripping lines. Typically, ROOT ntuples are then produced

that can be easily manipulated for user analysis.
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Chapter 4
Overview

Described here is the analysis of two-body charm decays to extract the CP violation
parameter Ap using the full LHCb dataset recorded in 2012. The analysis is
based on that previously performed on 2010 data [64] and 2011 data [65] and
is published in Physical Review Letters (PRL) [66] along with a complimentary
method for measuring this observable [67].

The four tree-level two-body charm decays are [9],
e Cabibbo favoured (CF): D’ — K 7% (B = (3.89 & 0.04)%).

e Singly Cabibbo suppressed (SCS): D’ — K"K~ (B = (3.97 £ 0.07) x
107%) and D — 777~ (B = (1.407 +0.025) x 107%).

e Doubly Cabibbo suppressed (DCS): D’ — K7~ (B = (1.38540.027) x
107%).

Each decay also has an associated charge conjugate decay. Unless explicitly
mentioned all statements implicitly apply to the respective charge conjugate
decays. The tree level graphs for the four decays are shown in Fig. [£.1 The CF
decay is called the right sign (RS) decay to distinguish it from the DCS, wrong
sign (WS) decay. The final states of the SCS modes are CP eigenstates and thus
can be used to measure Ar.

This analysis is based on measurements of the effective lifetimes of SCS decays
as described in Section . Separate measurements are made of the D° and D°
lifetime parameters, which are then used to calculate Ap. The flavour of the D°
meson is “tagged” by the strong decay D*" — Dz, where the charge of the pion
unambiguously gives the D" flavour. The pion is known as the “soft” pion, with

symbol 7,. It typically has low momentum due to the small Q-value of the D*

73



Chapter 4. Overview

CF DCS
u u
iy K*
+ +
[« S c d
D° K’ D° T
u u u u
SCS SCS
u u
K* iy
W 5 W a
[« S c d
D° K D° T
[} a a [}

Figure 4.1: Tree level Feynman graphs of D’ nth™ decays. The Cabibbo favoured
(CF) decay and the doubly Cabibbo suppressed (DCS) decays are shown on top and
the two singly Cabibbo suppressed (SCS) decays to CP eigenstates are shown on the

bottom.

decay, as the combined D" and 7, mass is similar to that of the D*. It is possible
for a random pion to be wrongly labelled as the soft pion, which may result in a
mistagging of the D" flavour. This type of a background is known throughout as
the random soft pion background, and is considered in more detail in Section [7.3
Using a strong decay for tagging guarantees that no flavour violating or CP
violating process has occurred that could introduce a CP asymmetry between
the two D" flavours. Only D* candidates that have come directly (“promptly”)
from the PV are used to measure Ar, as opposed to those resulting from B meson
decays.

The relatively long lifetime of the D° meson means that it travels some distance
from the PV before decaying. This displacement is used to distinguish D" daughter
candidates from random combinations of short lived particles produced at the
PV. Residual background of this type is called “combinatorial” background
and is considered in Section . Other decay chains such as B — DX or
Ay — (D" — DOX')X are also possible and are referred to as “secondary”
decays. These decays can be wrongly constructed as the decay of interest with a
miscalculated decay length as illustrated in Fig. [£.2] which represents a small but

irreducible background of potentially real D° candidates with a larger measured
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Figure 4.2: Sketch of a secondary D° decay chain of B— D*X and D" — D07r, showing

the misreconstructed decay length, I, which results in a miscalculated D’ decay time.

decay time. Secondary background and the observables used for distinguishing it
from prompt signal decays are described in Section 8.1

The analysis involves a data-driven method, described in Section [8.2] to correct
for decay-time selection efficiencies (“acceptance”) caused by the LHCb trigger
selection criteria, geometry, and by offline selection criteria. A two stage fit
procedure is employed to remove backgrounds and extract the prompt D° effective
lifetime. The first 2D fit is to the D° mass, m(D"), and the mass difference
between the D° and D*, denoted as Am, to determine the yield fractions of real
correctly tagged D° decays, combinatorial decays and mistagged decays. The
second fit is a 2D fit to the observable In(xfp(D°)) and to the D° decay time
in which the effective lifetime of the prompt signal component is the main fit
parameter and the decay-time acceptances are accounted for. Here, X%P is the
difference in the x? of the PV fit, with and without the D° candidate particle.
This second fit allows prompt and secondary decays to be distinguished.

Chapter [5| describes the selection of the data and resulting biases to the D°
decay time. Chapter [0] gives an overview of the maximum likelihood method
used to fit the data and describes techniques used to model the various classes of
decays, while Chapter [7] describes the first fit stage. In Chapter [§ the data-driven
method for determining decay-time biases is described along with the fit to the
D" decay time. Chapter @ describes the systematic uncertainties and cross-checks
while Chapter [L0] summarises the results along with a combination of the results

with those from previous analyses.
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Chapter 5

Event selection

As discussed in Section LHCb employs a series of hardware and software
triggers that reduce the output data rate of the detector so that only those events
that are of interest for physics analyses are stored. In order to select a sample
of prompt two-body decays of D” mesons and to reduce backgrounds, selection

requirements are applied to the measured observables.

5.1 Trigger selection

There are two categories of trigger decisions; a candidate particle is “trigger on
signal” (TOS) if it is part of the reconstructed decay that passes this trigger. A
candidate particle is “trigger independent of signal” (TIS) if it is not part of the
reconstructed decay in the event that passes this trigger. This is a useful distinction
as the TIS and TOS samples provide a data-driven method for determining trigger
efficiencies as described in [68].

No specific requirements are made on the LO trigger decisions of the event.
Candidates are selected if they pass any of the LO thresholds. In about 39% of
the events, the L0 hadron trigger is fired by one of the two final-state hadrons of
the D° decay. The remaining events are triggered by any other L0 hadron trigger
in a way that is independent of the D° and its daughters (TIS).

At HLT1, candidates are required to be TOS with respect to the
H1t1TrackAl1lLO trigger line, which is described in [69]. This trigger is de-
signed for finding B and D meson decays by looking for one high momentum
daughter track originating from an SV. The selection thresholds are summarised
in Table The first step of the trigger is to reject events with high occupancy in
the VELO, IT and outer tracker such that there are fewer than O(3,000) clusters

in each sub-detector.
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Table 5.1: Selection criteria for the H1t1TrackA11LO trigger during final data taking in
2012. Changes to these thresholds throughout 2012 can be found in [57].

Observable Selection requirement
VELO track hits >9

Missed VELO track hits <3

Track p > 10 GeV/c
Track p, > 1.7GeV/c
Track Xindf < 1.5

Track xip > 16

At the next step, hits in the VELO sensors are joined together to form
various tracks, originating from the interaction region or displaced from the
interaction region, as first described in Section [3.2.1] Not all candidate tracks can
be considered due to time constraints. Only tracks with greater than nine hits and
fewer than three “missed hits” are considered, where a missing hit is the absence
of a hit in a sensor that is traversed by the candidate track. Selected tracks are
extrapolated to “forward tracks” by searching the upstream tracking stations for
hits in windows where the tracks might be found, given their trajectory before
the magnet and considering both charge hypotheses. A Kalman fit is performed
to the candidate tracks such that a selection can be made on the tracks’ andf
along with their p and p, values. Requirements on the track yip are made to
remove backgrounds produced at the PV, mainly combinatorial background, and
to favour events with displaced SVs. The p and p; requirements aim to only
select events with high momentum particles that are more likely to come from
interesting high mass particles, such as a D° meson. The VELO hit requirements
remove ghost tracks and ensure the selected tracks have good resolution. Two
tracks passing these selection requirements are then considered to be D" daughter
candidates.

At HLT?2, the candidate D" daughters and their constructed mother particle,

are required to be TOS with respect to one of the following trigger lines:
° Hlt2CharmHadD02HHD02[hh],
e H1t2CharmHadDO2HH DO2[hh|WideMass,

where [hh] = {kk,kpi,pipi}, represents one of the three final states of interest.
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Table 5.2: HLT?2 trigger selection criteria at the end of 2012 data taking. Changes in
these thresholds throughout 2012 can be found in [57]. DOCA is the distance of closest
approach between two tracks, and DIRA is the cosine of the angle between the particle

momentum vector and the direction vector connecting the PV to the SV (“direction

angle”).
Observable Selection requirement
Both D" daughter momentum > 5.0GeV/c
Both D° daughter pr > 800 MeV/c
Largest D" daughter pp > 1500 MeV/c
Both daughter minimum Yip w.r.t. any PV > 9.0
Both D° daughter track X?de < 3.0
D° daughters’ DOCA < 0.1mm
D° pr > 2.0GeV/c
D° vertex fit andf < 10.0
D° PV flight distance X?ndf > 40.0
D’ PV DIRA > 0.99985
D" mass, default line 1790 < m(D°) < 1950 MeV/?
D° mass, wide mass line 1715 < m(D") < 2085 MeV/c?
Number of tracks in event < 180

The selection requirements made in these triggers are shown in Table

The two D° daughter candidate tracks are combined to form a vertex with
an associated fit X?ndf. To be considered further, the vertex fit of this new D°
decay vertex must be less than 10. The mother D° candidate is constructed
from the candidate daughters using the conservation of momentum, and assuming
that there is no missing energy in the decay. This gives a momentum direction
of travel for the mother particle and allows for selections to be made on the
mother momentum and transverse momentum. The candidate D" particle’s flight
distance is determined by assuming it came from a PV and joining the two vertices
with a line. Only D° candidates for which the cosine of the angle between the
flight distance and the momentum direction (DIRA) is greater than 0.99985 are
considered further. A mother D does not leave hits in the detector as it doesn’t
travel far enough to reach the VELO sensors before decaying.

The combined mass of the two daughters and their momentum must lie in

certain mass windows of the D” mass. The WideMass trigger lines have a wider
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D mass selection window and are scaled such that only 1/10 events are selected.
These trigger lines are used to constrain the shape of combinatorial background
in the D mass window outside the range of the default triggers, which helps
constrain the shape under the D° mass peak.

As in HLT1, momentum requirements favour events with a high mass parent
and Yip requirements preferentially select daughter tracks coming from SVs.
Selection requirements on the daughter y?p, the D vertex and flight distance y?
and the DIRA, select candidate D" mesons that are likely to have come from the
PV and are less likely to be secondary events. The mass windows chosen remove

combinatorial background but leave the tails of the D° mass peak intact.

5.2 Stripping selection

An offline event selection known as the stripping is employed to further reduce
background, improve the signal efficiency and to reduce computation time and
storage space requirements by reducing the number of selected events. The

candidate decays used in the analysis are required to pass the stripping line:
e D2hhPromptDst2D2[HH]Line,

where [HH] = {RS,KK,PP} represents one of the three final states. Recall that RS
stands for right sign and represents the Cabibbo favoured D* — K~ 7t decay.
The stripping line applies many of the same requirements as the trigger lines, as
shown in Table [5.3] but has extra PID information from the RICH detectors, and
reconstructs the tagging decay D** — D%r". The PID requirements applied to
the D" daughters vary depending on the final state. For the 777~ final state both
daughters must have a PIDK < 0. For the K™« final state the kaon candidate
must have a PIDK > 5, whereas the pion candidate must have a PIDK < 0.
For the K" K~ final state both daughters must have PIDK > 0 and at least one
daughter must have PIDK > 5. The D* is constructed by combining the D"
candidate with positive and negative pions with track X?ndf values less than five.
A candidate pair of a D° and a 7, is considered if their associated vertex fit andf
is less than 100 and their combined mass is consistent with being a D" (2010).
Due to the low momentum of the 7, the resolution on the D* vertex is poor. For
this reason, no further selection is made on the D* vertex, and its position is not

used in the separation of secondary decays.
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Table 5.3: Stripping selection criteria, obtained from the stripping options script.

Observable Selection requirement
Both D daughter momentum > 5.0GeV/e
Both D° daughter pr > 800 MeV/c
Largest D" daughter pr > 1500 MeV/c
Both daughter minimum yip w.r.t. any PV >9

Both D° daughter track Xﬁndf <3

D° daughters’ DOCA < 0.07mm
Both D" daughter PIDK See text

D° mass (K™ n)
D° mass (7777)

D mass (KTK™)

1765 < m(D") < 2065 MeV/¢?
1790 < m(D°) < 2065 MeV/c?
1765 < m(D") < 2065 MeV/c?

D" momentum > 5.0GeV/c
D° pr > 2.0GeV/e
D vertex X?ndf < 10

D" flight distance x? > 40

D’ DIRA w.r.t. best PV > 0.9999
D* — D° mass difference < 160.0 MeV/?
D* vertex X?ndf < 100.0
Soft pion track andf < 5.0

5.3 Further offline selection

Additional criteria, necessary for this analysis, are applied to the data after the
stripping selection to remove additional backgrounds, reduce decay-time biases
and simplify the fit method.

Events with multiple D* candidates may result in, for example, the same D°
candidate being used twice if it is associated with different soft pions. To avoid
this eventuality, which could lead to a bias in the measured physics parameters,
only one candidate is chosen at random and the remainder are rejected. Between
8% (K~ 7") and 13% (n"n~, K*K ™) of events have multiple candidates to which
this selection is applied.

The D° decay time is required to lie in the range 0.25 - 10 ps. The sample of
candidates selected at very low decay-time values is prone to large uncertainties

due to very low selection efficiencies and is removed to prevent instabilities in the
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fit method. At very high decay times, secondary decays become dominant and
the number of prompt decays becomes negligible.

The decay radius of the D" must be less than 4 mm; this is the radial distance
between the D° decay vertex and the PV. This requirement is applied in order to
remove potential candidates produced by material interactions in the RF foil.

The number of “turning points” (see Section [8.2)), which are used to determine
the decay-time acceptance, is restricted to a maximum of two for each event.
This selection removes very few events and greatly simplifies the inclusion of the
acceptance in the fit PDF.

Further PID requirements are applied to the D° daughters to reduce back-
grounds from misidentified daughter particles of D decays that peak or have tails
in the D” mass window. These backgrounds are investigated further in Section
The applied PID requirements are final state dependent,

e D"~ K"K ™: both kaons must have PIDK > 5,

e D’ K x': the kaon must have PIDK > 5 and the pion must have PIDK
< =5,

e D"— 777 : both pions must have PIDK < —5.

Candidates that pass the default trigger line are required to lie in the mass
window [1826,1906] MeV/c?. Candidates that pass the wide-mass trigger line are re-
quired to lie in one of the mass windows [1815,1826] MeV/c? or [1906,1915] MeV/c?.

5.4 Decay-time biases

Unfortunately the selections described in previous sections have different efficien-
cies depending on the D° decay time. Here the selection criteria introducing
these biases are discussed. The method to account for the biases is presented in
Section [8.2

Firstly the LO trigger decision is examined. There is no obvious way in which
any L0 trigger decision can cause a bias to the measured decay-time distribution.
As a cross-check the sub-sample of events in which the D is actively involved in
the LO trigger is analysed on its own without showing any inconsistencies.

A number of HLT1 selections have biasing effects on the D" decay time. The
IP of a candidate daughter is related to the decay time, as the daughters of a
long-lived particle will have larger IPs due to their displaced SV. Daughters of
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short-lived D candidates will have smaller IPs as they originate closer to the PV.
No selection is made on the IP, but requirements are made on xip, which similarly
biases the decay time. This requirement is necessary to remove combinatorial
background events produced near the PV and attempts to select decays from an
SV. A requirement on the number of VELO hits also biases the decay time as
it favours short-lived particles. The VELO track finding algorithm, as described
in Section requires six sensor hits, while nine are required by the trigger.
Long-lived particles travel further in the VELO and their daughters are more
likely to exit the VELO before intersecting the required number of sensors.

The HLT?2 stage of the trigger also has decay-time biasing selection require-
ments on Yip. Further biases at this stage are caused by requiring the D" and
its daughters to have the same best primary vertex (BPV), defined as the PV
for which the child’s yip is lowest. This condition reduces the number of kaons
and pions that may be wrongly associated with a D°. However, if an event has
multiple interaction points it is more likely that a long lived D° will fail this
requirement as it can move away from its own BPV and decay near the other
interaction point. Thus the BPV assigned to the daughters could be different. A
further requirement is made on the x> of the D° flight distance. This variable is
directly related to decay-time and will introduce a bias. The last relevant biasing
requirement at the HLT2 stage is a requirement on the D° DIRA with respect to
the PV. Candidates with shorter decay times are more likely to fail this selection
due to larger direction angle resolution. The direction resolution between the PV
and SV is larger for short-lived particles as the solid angle of probable directions

is less constrained, resulting in a larger direction angle resolution.

Table 5.4: Number of candidates (n.,,q) present for each decay after the stripping and
after all selection criteria have been applied. The first two numbers in each column are

the number of magnet polarity up and down events, respectively; the third number is

their sum.
Decay Neana after stripping (Millions) ng,pnq after offline cuts (Millions)
D= rtn™ 7.9+8.1=16.0 20+21=42
D’ K rnt 60.9 +59.9 = 120.8 37.6+394 =770
D' KTK~ 18.4+17.4 =358 6.0+57=11.6
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The offline requirement to the D radial flight distance introduces a decay-time
bias. As D° candidates are created with transverse momentum and longer-lived
candidates travel further, this requirement favours short-lived candidates with a

low p,.

5.5 Data sets

The number of candidates obtained after all the selections have been made are

listed in Table [5.4] Each data sample is separated into disjoint blocks:
e Magnet polarity up or magnet polarity down;

e Before the first technical stop (runs 111,183 —118,880), between techni-
cal stops (runs 119,956 — 128,492) or after the second technical stop (runs
129,534 - 133,785). Henceforth called run blocks one to three.

There are therefore six sub-datasets on which independent fits are performed. The
motivation for this division is that the detector was opened during these technical
stops. The separate blocks ensure that reconstruction differences between them are
not obscured by combining them into one large sample. This is backed up by the
fit results, as the reconstructed D° mass shape is different in the different samples.
Each sub-dataset and the two flavour tags (D0 or 50) are fitted independently,

giving twelve fits for each decay.
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The maximum likelihood estimate method, described and motivated in Section [6.1}
is used to estimate the D” and D° lifetime parameters from the datasets. Multiple
discriminating observables from the datasets are used to separate the prompt signal
from various background classes. The formalism of multidimensional probability
density functions and their factorisation into smaller component parts is outlined
in Section [6.2] The sPlot technique is described in Section [6.3], and further used
in the technique presented in Section for determining probability density

functions of background classes without known distributions.

6.1 Maximum likelihood estimator

The measured value of an observable, x, for a single event, is a random number
drawn from a distribution that encodes the probability of choosing a certain value
of . The probability density function (PDF), denoted by f(z, ), is an analytic
function that may depend on a set of parameters @, which define the shape. A
PDF is normalised such that the probability of making a measurement of any

value is unity,
/ f(z,0)dx = 1. (6.1)

Assuming no measurement bias, the distribution of x values is a consistent
estimate of f(x,0), meaning that in the limit of infinite events the measured and
theoretical distributions are the same. Given a finite dataset of measurements,
x = {x1,...,zy} and assuming the underlying PDF, a method is needed to
determine the parameters, @, that best fit the data. A common method for
determining PDF parameters from a finite dataset is the maximum likelihood
estimator (MLE). The likelihood function is defined as the joint probability density
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of obtaining these measurements for some set of parameters,
N
L(x,0) =] f(x:0). (6.2)
i=1

The parameters 6 that maximise this function give the “best fit” to the data. In
practice it is easier to maximise the natural logarithm of the likelihood function
as the product of PDFs is then a sum. The global maximum of In(£(x,0)) can

be found by solving,
Oln (L(x, 0
—( (@, )) =0, (6.3)

o4, ‘o:é B
for each of the parameters #,. In most cases a numerical approximation method
is used to solve the series of equations. The standard errors on the parameters
are related to the covariance matrix, which depends on the curvature of the
log-likelihood function near the maximum,

~1/2
& In (L(z,0))
o éa = - 8«92 . (64)
a

Consider, for example, the true PDF for the exponential decay of a particle,

F(t,7) = (1/7)e”", and a set of measured decay-time values {t,...,¢x}. The

derivative of the log-likelihood function is given by,

1 (.c@ba; L) i (f_Q - 1) | (6.5)

=1

Solving the differential equation gives the parameter value returning the maximum
likelihood, # = (1/N) 3_t; and standard error o; = 7/v/N.

The MLE is a widely used estimator due to its favourable properties [70],
such as its invariance under parameter transformations. If a parameter value is
transformed by some map, the ML estimate of the new parameter will simply be
the transformation of the ML estimate of the original parameter. For infinite N
the MLE reaches the minimum-variance bound, meaning any other estimator has
the same or larger variance. It is not a consistent estimator for a small number of
events, but is consistent in the limit that NV tends to infinity. Similarly, it is an
unbiased estimator in the limit of N tending to infinity, but has a bias of 1/N for
a finite number of events.

With the total PDF constructed for this analysis the differential equations
from Eq. cannot be solved analytically. The MINUIT [71] program is used to
maximise the log-likelihood by solving the set of differential equations numerically.
The numerical solution uses the gradient of the log-likelihood to iteratively choose

values of @ that increase the log-likelihood until a maximum is found.
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6.2 Multidimensional PDF's

To separate the prompt signal events from various “classes” of background events
in the fits, a set X of discriminating observables is used. The PDF of each class
for each observable must be constructed. The set of observables is not necessarily
independent, thus a multi-dimensional PDF over X is required. Four lemmas for

the manipulation of multi-dimensional PDFs are introduced here.

Lemma 1

The total fit PDF for all classes and the set of observables X is given by,

f(X) = Z P(Class)fclass(X)7 (66)

class

where P(class) is the fraction of events from this class relative to the total number
of events, such that the total fraction is ) .., P(class) = 1. The PDFs for each
class are denoted by f,,.s. The relative fractions of the classes in the analysis are

not known and are determined using an MLE.

Lemma 2
The probability that an event is from a specific class given the set of its measure-
ments, X, is given by,

P<Cla58)fclass(Xi>
chass/ P(Cla’ssl)fclassl (XZ) ’

which is simply the probability that the event is from this class, normalised with

P(class| X;) = (6.7)

respect to its probability of being in all other classes. This lemma holds for all
X;, and thus for X.

Lemma 3

A multi-dimensional PDF with a set of observables X = {z, vy, z}, can be factorised

as follows,

fclass(xa Y, Z) = fclass,x,y (ZIZ’, y|Z) fclass,z(z)
= fclass,x (l’|y, Z) fclass,y (y|2) fclass,z(z)7 (68)
= fclass(x|y7 Z) fclass(y|z> fclass(z)a
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where the subscripts of f are simply labels to distinguish between different PDF's
and have been dropped for brevity in the final line. In what follows, it is assumed
that PDF's with different arguments represent different mathematical functions.
In these expressions, a PDF such as f,,(2) is the one dimensional distribution
of the observable z, which does not depend on the distributions of  and y. Note
that 2 is not a special observable, any one of the variables could have been chosen

as the first independent observable. Thus the two factorisations are equivalent,

fclass(ylz)fclass(z) = fclass(z|y)fclass(y) : (69)

The conditional PDF, f,,..(y|z), is the one dimensional PDF of the observable y
in which the distribution is correlated to the z distribution. It is the projection of
the full multidimensional PDF onto the y axis and integrated over the z observable
distribution. If some of these parameters are independent of each other, y and z

say, then,
fclass(y|z> - fclass<y>' (610)

Lemma 4

If X can be written as two independent sets of observables, X =Y U Z, then

the total PDF can be written in two parts by using the previous lemmas,

Y U Z Z fclass fclass( ) (class),

class

1
_ (cl (cl
Z fClass fczass C - ] Z fczass C a/SS) chass fClaSS(Y)P(Cl(J/SS) ’

class class

e fClaSS fclass CZ(ISS l
Z Y l Z fclass C CLSS)7
class ClaSS fclass ( ) c CLSS -

fclass( ) ClaSS
= fc ass Z fc ass ClCLSS s
gss l ( ) chass/ fclassl (Y) Class CZ ! )

= Z fclass ClCLSS|Y ] Z fclass(Y)P(Class)] :

Lclass class

The log-likelihood function constructed from this PDF' is the sum of two terms,
one of which (the Y term in this case) is independent of the other term. The
independent term can be considered separately as a single log-likelihood for which
the maximising parameters can be determined. The optimum parameters can
then be fixed in a second MLE using the second term in the full log-likelihood
function. The CPU time required for the execution of an MLE depends on the
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size of the parameter space to be searched. Each extra parameter adds an extra
axis to this space and thus the CPU time has an exponential dependence on the
number of parameters. Factorising the fit PDF into an independent part and
a dependent part by finding two sets of independent observables significantly

reduces the computation time.

6.3 sPlots

Presented here is a brief account of the sPlot technique, which is described more
fully in |72]. In the case where the distribution of an observable x for some class of
decays is unknown, the sPlot technique allows this distribution to be determined,
even in the presence of significant backgrounds from other classes of decays. For
this technique, a discriminating observable m is necessary to first distinguish the
various decay classes. A maximum likelihood fit to the observable m gives the

covariance matrix V', and the sWeight for a single event is given by,

chass Vn,classfclass(m)
chass Nclassfclass(m) ’

where the sums are over the various classes and N, is the expected number

P, (m) = (6.11)

of events from a certain class. The function f,,(m) is the distribution of a
certain class in the discriminating observable m. The sWeights are thus the
covariance weighted probability of a single decay belonging to a certain class of
decays. By weighting each decay with its corresponding sWeight and plotting
the weighted distribution of x, the contribution from the desired class is revealed,
and the contributions from the other classes are removed. The sPlot technique
assumes that the discriminating observable, m and the control observable x are

uncorrelated.

6.4 Kernel density estimation

The MLE relies on some prior knowledge of the PDFs for each class of events.
A number of the backgrounds in this analysis have unknown distributions in
the discriminating observables and in decay time. It is necessary to choose a
continuous function to describe the PDF of these background components in the
MLE. Given a set of data drawn from an unknown PDF, the method described
here produces a continuous function that estimates the true distribution of the
unknown PDF.
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(blank lines) are drawn from a Gaussian distribution (blue) of mean zero and width
equal to one. A Gaussian kernel (red) is applied to each data point and the kernel
density estimate (dashed green) is constructed from them. Shown is the kernel density
estimate, using (left) the initial bandwidth estimate and (right) the optimum bandwidth
after iterating as described in the text. A reasonable agreement is seen between the

true distribution and the kernel density estimate.

Kernel density estimation assigns a “kernel”, k(z), to each event in the set of
data. Any function can be used as the kernel, but in this case a Gaussian with
width o is used. The mean of each Gaussian kernel is centered on the value of the
observable x, for each event. The width is known as the “bandwidth” and can be
assigned any value, but its optimum value must be determined. The individual
kernels can be summed to form a continuous distribution, K (x), that estimates
the true PDF. An initial estimate of the bandwidth is given by [73],

165\ 7

where & is the standard deviation of the events in the dataset and n is the number
of events. As can be seen in Fig. [6.1]left) for a true Gaussian PDF, this bandwidth
tends to be too small, resulting in an estimate that changes too quickly across
the observable.

The optimum bandwidth is given by [73],

p = (%y (613

where o is the variance of the summed kernel functions, f is the true distribution
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of the data and R is a functor that encodes the “roughness” of its argument, given

by, .
R(f) = / f2(x)d. (6.14)

Evidently, this optimum bandwidth cannot be calculated without knowledge of
the underlying distribution, f. The first estimate of K (x) with the bandwidth
of Eq. is used to approximate f. The approximation can be further
improved by iteratively calculating the optimum bandwidth using successive K ()
functions. At each step, K (x) from the previous step is used to calculate the new
optimum bandwidth and thus the next K (z). Fig.|6.1(right) shows the kernel
density estimate calculated in this way for 10 events. The agreement between the
resulting and the original distributions improves with the addition of more events,
however the agreement with only 10 events is good.

The optimum bandwidth may vary across the observable. To account for
this, the bandwidth can be parameterised in terms of x. For example, if the
bandwidth was proportional to the local standard deviation about each x value,
the kernels in the Gaussian tail would be wider, and would better approximate
the true distribution. However, in this analysis all kernels are fixed to have the
same bandwidth.

In the case already described, it was known that the values of x for each event
were drawn from the same PDF and thus are events of the same class. In the
more common situation, the dataset contains a mixture of different classes that
can be separated in some discriminating observable m. To determine the kernel
density estimate of one of these classes with an unknown PDF, they must first be
separated out from the other events. This is done in the analysis using the sPlot
technique, described in Section (6.3

In this analysis the kernel density estimation technique is applied to the total
data, sWeighted for a certain class, to produce a PDF of that class in a chosen

control observable.
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Chapter 7
Fit to mass variables

A description of the maximum likelihood fit used to discriminate between signal
and background events in the first fit stage of the analysis is presented in this
chapter.

The discriminating observables used throughout the analysis are the D°
invariant mass, m(D"), the invariant mass difference Am := m(D*) —m(D°), the
proper decay time of the D°, denoted ¢, and for secondary separation, In(yip(D°)).
The total PDF used for the analysis is,

f(m7 Ama 1n(X%P)7 t) = Z P(Cla55>fclass(m7 Am? hl(X%P)v t)? (71)

class
where superfluous arguments have been dropped for clarity. The factorisation
of this PDF, which motivates splitting the fit into two stages, is described in
Section [Z.1]
The background components present in all three final states and their associated

subclasses are shown in Table Sources of background that contaminate the

Table 7.1: The classes and subclasses of the analysis that represent the different types
and subtypes of DY nth™ signal and background decays.

Class Subclass
) Prompt
Signal
Secondary
Prompt

Random soft pion background (7) . q
econdary

Combinatorial background -

Specific misreconstructed backgrounds -
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signal D’ — h*h™ decays in the first fit stage are described here in terms of their
origins and their probability densities in discriminating observables. Backgrounds
in the second “time” fit stage are described later in Chapter [§f Backgrounds
specific to each of the three final states are described in Section [7.4] Example
distributions are shown from samples of simulated data, the selection for which is

the same as the real data, described in Chapter [5

7.1 Factorisation of the full it PDF

Using lemma 4 from Section the full fit PDF can be factorised into one

independent part and one dependent part,

f(m, Am,In(xip), 1) = | > P(class) foass(m, Am)

Lclass

Z P(class|m, Am) fclass(ln(X%P)v t)

Lclass

X (7.2)

This motivates splitting the analysis method into two separate MLEs. The first fit
to the “mass” observables {m, Am} supplies the P(class) relative fractions. Then
the probabilities P(class|m, Am) for events to be signal or background based on
the distributions of m(D°) and Am, can be calculated using lemma 2. With the
known relative fractions of the classes, a fit to the “time” variables, {t,In(x{p)}
can provide the fractions of decay subclasses and measure the D° decay time.
By factorising the total PDF into two parts, it is assumed that the two variable
sets are uncorrelated. This is not exactly true for the mass and time set variables.
An investigation of these correlations is presented in Section [9.4.3] along with a

determination of their effect on the final result.

. 0
7.2 PDFs in D" mass
The invariant mass of a parent particle decaying to two daughters is calculated as:
m(D°)? = (B, + E,)* — |9\ + pl”,

2
= <\/m% =+ |ﬁ1’2 + \/mg =+ |272|2) — [P +272|27

where ¢ = 1,2 denotes the daughter particle measurements. In the m(DO) fit, the

signal is modelled as two Gaussian functions with the same mean (f,,, 5, ) but
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Figure 7.1: Distribution of simulated prompt signal events with magnet polarity down
and 2012 conditions for (left) the D° invariant mass showing the radiative tail, (right)

the D* and D° invariant mass difference.

different widths (o, , ), thus giving three parameters plus one more to control
the relative fraction between the Gaussians (P(m|sig.)). Pions in the D° final
state can radiate photons as they travel through the detector, which reduces their
momentum and creates a long tail on the low mass side of the m(D") peak. To
account for this, the second signal Gaussian is given a power law tail, known as a
“Crystal ball” and given by [74],

exp{—%tz} t>—laf

flz) = (7.3)

A )
m t < —|O[|

where t = ﬁ - =E, 0 is the width of the distribution, o defines where the
power-law tail begins, 1 is the most probable value, A := (n/|a|)" - exp {—%|oz|2},
B := (n/|a] — |a|) and n is the power-law exponent. The form of the PDF
presented here has not been normalised but an analytic integration is performed
in the analysis framework. This increases the length of the signal tail on the low
mass side of the peak. Fig. (left) shows the m(D") distribution for simulated
prompt signal events. The Crystal ball has two parameters (., .1, ) and thus
the signal PDF has six parameters in total.

No power tail is needed in the D* — K+ K~ final state as kaons radiate photons
less often, thus there are only four parameters in total. Due to the smaller size of
the D° — nt7~ sample and the relatively large size of the background component,
the Crystal ball parameters could not be allowed to float in the fit. Instead,
= 2.05 and

Ngig. = 1. As the CF D°— K~ xt sample is very large, the fit is more sensitive

a fit to simulated data is used to constrain the parameters as o,
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Figure 7.2: Projections of the fit to (left) D" mass and (right) Am for the D’ — K"K~

magnet polarity down sub-dataset in the second run block.

to contributions to the mass peak that have different or varying resolutions. An
extra Gaussian is needed to describe these resolutions, adding one more width
and one more fraction, for a total of eight parameters.

The main purpose of a fit to m(DO) is to determine the relative fraction
of combinatorial background events in the dataset. These are combinations of
random particles produced at the primary interaction vertex and from partially
reconstructed B decays. Combinatorial background from the primary vertex
is expected to be short lived and to have a falling distribution in m(D"). The
component from B decays is long-lived and is expected to have a flat or rising
distribution in m(D"). The momentum direction of a misreconstructed two-body
decay, originating from a three body decay, will not point back to the PV. As a
result, requirements on the momentum direction greatly suppress combinatorial
background. Vertex quality requirements, as in the selection requirement tables
of Chapter [3], also suppress this background as the two daughter tracks may not
originate from the same vertex. Combinatorial background is modelled in the fit
with an exponential whose single decay parameter (e, ) is free to float.

The m(D°) projection of the 2D fit to m(D") and Am is shown in Fig. (left)
for one K"K~ sub-dataset. The fit parameters and values for this one sample

are shown in Table [[.2] Detailed results for all final states can be found in

Appendix [B]
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Figure 7.3: Distribution of simulated random soft pion events with magnet polarity up
and down with 2012 conditions for (left) the D° invariant mass, which has the same
distribution as correctly tagged signal events, (right) the D™ and D invariant mass

difference, which increases smoothly from the pion mass threshold.

7.3 PDFsin Am

The Am distribution for correctly tagged prompt signal decays from simulation
is shown in Fig. [7.1|right). The peak position is related to the pion rest mass and
the average momentum of the soft pion and D°. It is possible for a D* candidate
to be formed by combining a D meson and a random track that is incorrectly
designated as the soft pion. This background is called the random soft pion
background. Its m(D°) distribution is the same as that for correctly tagged signal
as it contains a real D° decay to the correct final state. Thus identical PDFs are
used to describe signal and random soft pion background in m(D°).

The sign of the charge on the random soft pion may not tag the correct D°
flavour and therefore must be distinguished from the signal decays. Such events
will not peak in Am but rather have a smoothly increasing shape from the pion
rest mass threshold as shown for simulation in Fig. [7.3|right). This type of
background can be produced for both prompt and secondary D° candidates and
thus there are two separate random soft pion components in the later fit stages
where prompt and secondary contributions are distinguished.

Combinatorial background is also present in the Am distribution. Its fraction
with respect to the signal and random soft pion components is determined from
fitting the m(D°) distribution. In practice, the Am and m(D°) distributions
are fitted together as two independent variables in a 2D fit. The same “root

exponential” threshold PDF is used to fit combinatorial and random soft pion
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Chapter 7. Fit to mass variables

backgrounds, with independent parameters. This PDF is given by,

(Am — AP x exp(C-Am) Am> A
flz) = , (7.4)
0 Am < A
where A, B and C are referred to as the threshold, power and exponential decay
parameters, respectively. The random soft pion PDF threshold parameter (A, )
is set to the pion PDG rest mass and the exponential decay parameter (C; ) is
fixed to 0, such that the power parameter (B, ) is the only floating parameter.
For combinatorial background the threshold parameter (A, ) is again fixed to
the pion PDG rest mass, but the other two parameters (B, ,Ceomp.) are allowed
to float, giving two free parameters. For the D’ — K~ 7" decay, the background
is relatively small compared to the number of signal events. As a result, the
combinatorial background component is simplified by fixing C.,,,; to be zero.
The correctly tagged signal component in Am is made of three Gaussian
functions, two of which share the same mean (., 4. ). Thus there are seven fit
parameters for the signal component, including three widths (o a,,, .. ) and two
relative fractions (P(Am,|sig.)).
The Am projection of the 2D fit to m(D") and Am is shown in Fig. (right)
for one KK~ sub-dataset. The fit parameters and values for this one sample
are shown in Table [7.2l

7.4 Specific backgrounds

Specific backgrounds are those that appear in only one of the three final states
of interest. There are two sources of specific backgrounds. The first source
is “reflections”, where true two-body D° decays are reconstructed under the
wrong mass hypothesis due to particle misidentification. The second and largest
source is “partially reconstructed decays”, where two of the daughter particles
of a multibodyE] charm decay have been identified as D° daughters and the
other particles have not been reconstructed. This can occur with or without
misidentification of the daughter particles. Backgrounds from real D° decays have
a peaking component in Am as well as a component from the association of a
random soft pion. If one or several D” decay products were not reconstructed, the
resulting peak in Am is significantly wider than that for fully reconstructed decays.

Backgrounds from particles other than a D° cannot peak in Am and therefore

A multibody decay refers to a decay with more than two daughter products.

98



Chapter 7. Fit to mass variables

only have a random soft pion component. Like combinatorial background from B
decays, partially reconstructed charm decays are expected to be suppressed by
requirements on the momentum direction of the reconstructed two-body decay

and vertex quality requirements.

Backgrounds specific to D°— K~ «*

A potential background in D’ — K~ 7" decays is the reflection of D" — KK~
decays, where one of the kaons is misidentified as a pion. The background
appears in the low m(D") sideband due to the loss of invariant mass. The factor
10 suppression from the relative branching fractions of these decays and the
excellent particle identification efficiencies lead to this being a small background.
Preliminary fits to the K~ 7" data found that no significant KK~ reflection
component was present. Similarly, a contribution of D”— 777~ decays may be
expected in the high m(D") sideband. However, this is suppressed by a factor of
~ 30 due to its branching fraction, and is further suppressed to a negligible level
by particle identification requirements. A previous study of these backgrounds
in |75], found that only the misreconstructed decay D’ — 7777 has a potentially
significant contribution to the data. This is therefore the only specific background
considered in the fit for D®— K~ n". However, its fraction in preliminary fits was

consistent with zero, and it was therefore fixed to zero for the final analysis fits.

Backgrounds specific to D* — KTK~

The events selected under the KK~ hypothesis are most likely to be affected
by backgrounds. This is because imposing the kaon mass hypothesis on a lighter
particle can compensate for a loss in invariant mass when only partially recon-
structing a decay. The favoured D’ — K 7" decay lies outside the m(DO) range
and can be ignored. A previous study of these backgrounds in [75], found that
four partially reconstructed decays contribute significantly to the data. The
first of these decays are, D’ — K ntz% and D" — K]ﬁuu where the neutral
particle is not reconstructed and one of the other daughters is misidentified. The
distribution of these events is found to be similar for both backgrounds so that
only one component is needed in the fit. The other two partially reconstructed
backgrounds are D" — K 77t and D — KTK 7". The D' decay results in
the same mass distributions as the random soft pion background and is absorbed

into that component in the fit, while a separate D] component is included in
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Figure 7.4: Fits to (left) m(D") and (right) Am of the K~ 77" decay from simulation,
reconstructed as KK~ and PID efficiency weighted.

the fit. The sum of the D° — K n*x® and D’ — K_/ﬁuu decays amount to
approximately 3% of the total data, while the D contributes approximately 1%

of the events in the total data.

Backgrounds specific to D°— nta™

The only significant specific background to D” — 777~ is the reflection from
D°— K 7" decays. Due to the loss in invariant mass these sit in the low-mass
sideband of the D" mass distribution. Even though the D*— K~ 7" decay has a
much larger branching fraction than the D’ — 777~ decay, its contribution to the
D — ntx” mass peak is greatly reduced by the excellent particle identification
of the experiment. Preliminary fits to the 777~ data found that no significant
K77 reflection component was present and hence it is neglected. The high-mass

sideband of the D mass distribution is free of specific backgrounds.

Specific background mass fit PDFs

To study the distributions of these backgrounds in m(D°) and Am, simulated
events were fitted after applying the stripping selection. Applying the full stripping
selection returns too few candidates to obtain accurate fits, and consequently
the PID requirements were not applied to these simulation samples. The PID
efficiency for each background was calculated using the PIDCalib package [76],
which contains reference samples of known particle types. The PID efficiency of the
reference samples are binned in track 7 and momentum, p, using the PID selection
requirements of the stripping selection as input. These efficiencies are used to
determine the per-event PID efficiency of the simulation sample particles, given

their n, momentum, particle type and using the two candidate daughters. The
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Figure 7.5: Fits to (left) m(D") and (right) Am of the D decays from simulation,
reconstructed as KK . The mass plot has the stripping requirements applied and is
PID efficiency weighted while the Am plot has no stripping requirements applied and

is not reweighted.

D° mass and Am of the specific background simulation samples are reweighted
with the efficiencies before fitting.

Fits to the D° — K~ 77" simulation can be seen in Fig. m The distribution
has a linear shape in the signal mass region, as shown in the figure, and is fitted
with a single gradient (g .). The Am distribution of this background is fitted
with a single Gaussian PDF (tam grrs OAm fcrr). I the main fit a random soft
pion component is also added, using fits to the well known random soft pion

background shape and using a PDF given by,

fla) = (1 —exp{—""}) (%)a +o (fv_i B 1) T2 %o ’ (7.5)
0 T < T
which is similar to the root exponential threshold PDF. This PDF has four
parameters; To (k) sets the threshold, while a(g ), O(xrr) and ¢ gy control the
shape. It is not analytically integrable except for particular values of the floating
parameters, thus a numerical integration is performed when normalising.

The D} mass, as shown in Fig. , was fitted with an exponential having
one decay parameter (e D;). After PID efficiency weighting, there were too few
weighted events in the Am range considered for this analysis. The shape of the
D} background in this variable was taken from a fit to the simulated sample
without stripping requirements applied and using the same PDF as in Eq. .

In the main fit the shapes of the K~ n"n” and DI backgrounds are fixed to
those shown in the figures, whilst the fraction of their contributions to the data

are allowed to float.
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Table 7.2: Fit parameter results for the fit to m(D") and Am from one D°— KK~
sub-dataset with magnet polarity down and from the second run block. The symbols
are explained in the text. The units of the parameters are shown where relevant. In

the case where a formula is presented in the first column, the value in the last column

is the X variable of the formula. For example, 0,,, o = (1.745) 0, gig.-

Parameter Fixed? Value

P(sig.) (0.6227 4 0.0012)

P(r,) (0.2664 =+ 0.0012)

P(K w7 (0.0316 + 0.0035)

P(D}) (0.0093 £ 0.0011)

P(my|sig.) (0.791 + 0.010)

L i (1866.6240 + 0.0084) MeV/c?

Ty sia. (6.188 =+ 0.028) MeV/c?
mysig. = X Ot sio. (1.745 £ 0.019)

€oomb (—0.00486 + 0.00067)[ MeV/c?] ™

€ —0.052 [MeV/c?]

IKnn —0.0001

P(Amy|sig.) (0.174 £ 0.024)

P(Amg|sig.) (0.576 +0.014)

1A, sig. (145.4186 + 0.0017) MeV/c?

T Am, sig. (0.365 + 0.015) MeV/c?

(1.880 = 0.040)
(145.592 + 0.017) MeV/c?
(1.923 £ 0.029)

O Amg,sig. — X O Am, ,sig.
/j’Am3,sig.

O Amg,sig. — X O Ame,sig.

An, 139.57 MeV/c?
B, (0.3652 + 0.0038)
Ch, 0 [MeV/c?] ™!
A comb 139.57 MeV/c?
Beomp (0.756 4 0.042)
Ceomp. (116.4 + 7.2)[ MeV/c*] ™!
HAm, Knn 147.38 MeV/?
O Am,Knr 3.52 MeV/c?
Zo Dt 139.57 MeV/c?
apt 5.8970
bpty 0.01 MeV/c?
CpH) 1.6252 MeV/c”
To,(Kr) 139.57 MeV/c?
A(Krr) 1.5266
b(rrm) 0.01 MeV/c?

KKK KKK KK KK Z 2K 2222222 2|/« < 22222222 7Z

C(Kmm) 2.0453 MeV/c?




Chapter 8

Acceptance correction and

decay-time fit

In this chapter, the second fit stage of the analysis is presented along with the
procedure to account for the decay-time biases discussed previously in Section [5.4]
Recall that the second fit stage is a 2D fit to the D° decay time and In(xip(D°)).
In Section the secondary background events and the observable used to
distinguish them in the fit are discussed in detail. The “swimming” algorithm
for determining per-event decay-time biases is presented in Section while
additional acceptance effects are discussed in Section The inclusion of these
acceptance effects in the fit is discussed in Sections and [8.5] Section
presents the PDF models used to describe the decay-time distributions of the
classes and subclasses of the analysis, and Section presents the PDF models in
the In(xip(D")) observable. Finally, the construction of background components
for which a PDF model is unknown is performed in Section [8.8]

8.1 Backgrounds in In(xip (D))

As introduced in Chapter , the data contains a background of secondary D’
candidates that originate from the decay of a long-lived particle, predominantly
B decays. The B in such a decay is not reconstructed and thus the candidate D"
flight distance is overestimated, as was shown in Fig. [4.2] B meson decay times
are typically ~ 1.5 ps, which results in a significant increase in the reconstructed
D candidate decay time.

The B flight distance in secondary decays is not reconstructed because the

D° flight distance is defined as the distance between the D° vertex and the
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Figure 8.1: Distribution of decay time, t, against In(xip(D")) for simulated events with
magnet polarity down and 2012 conditions for (left) prompt signal and (right) secondary
background. The decay-time dependence of the In(xip(D")) of secondary decays is

evident.

PV, instead of the distance between the D° vertex and the B vertex. If the
secondary decay was fully reconstructed, the correct D flight displacement could
be determined. The analysis of a D sample arising from B decays provides an
alternative method of performing this analysis. The B vertex can be determined
by using another tagging particle such as a muon . However, the statistics
of such an analysis and thus the precision on the final result are significantly
reduced. For an analysis of the prompt sample, as in this thesis, there will always
be some secondary background that must be accounted for in the fit method,
unless all secondary decays can be reconstructed. It is not possible to explicitly
construct each of these decays as there are numerous channels, some of which
contain neutrinos and neutral particles that pose a challenge for LHCDb.
Secondary decays are indistinguishable from the prompt signal in most ob-
servables as they are real D’ and real D* decays. Due to the B lifetime and its
associated flight distance, the yip of secondaries will be decay-time dependent.
A larger B flight distance will result in a larger I P,o and a larger X%P(DO). The
variable In(xip(D")) is used in the fit procedure to distinguish prompt and sec-
ondary decays as it is easier to model than I P, or X%P(DO), which both decrease
exponentially and have no peaking structures. Fig. shows the D° decay time
against ln(X%P(DO)) for prompt signal and secondary background simulated events.
The secondary background can be distinguished from the prompt signal in the fit

from its decay-time dependence in In(xip(D?)).
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8.2 Swimming algorithm

As outlined in Section [5.4] non-trivial decay-time acceptances are introduced by
the selection procedure for candidate events. The method used in this analysis
to measure the decay-time acceptances is the so-called “swimming” algorithm,
which is a data-driven technique that was originally developed for the CDF
experiment [77,|78] and was later studied and implemented at LHCb [79,)80]. This
section describes the current implementation of the swimming algorithm within
the LHCDb software.

The swimming algorithm works by artificially changing the decay-time of
each real data event and recalculating the selection decision based on the new
reconstruction of the event. This is done for a large set of discrete decay-time
values to determine the decay-times at which the event would have been accepted
by the selection criteria and when it would not have been selected. In this way,
the acceptance function for each event is the sum of “top-hat” or “step” functions.
The decay times at which the event enters or leaves one of these top hat functions
are called turning points (TPs). The acceptance function can be represented as a
vector of turn on and subsequent turn off points. The decay-time of each event is
varied by changing the distance between the PV and the SV. Figs. and
show schematics for this procedure using IP selection requirements as an example.

For each event there are two main decay-time biasing parts of the selection
to consider; the trigger selection and the stripping selection. In addition, it is
necessary to account for the acceptance due to the finite length of the VELO, as
well as any potential dependence of the track finding efficiency on the D" decay
time.

Each event is “swum” independently for each source of acceptance to determine
the per-event and per-source acceptance functions. In order to obtain the total
acceptance function for each event the various sources are merged. The final
acceptance function for a single event has a value of one (or “on”) if all of the
individual acceptance functions have a value of one, and has a value of zero (or
“off”) if any of the individual functions have a value of zero, at a certain decay

time.
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Figure 8.2: Schematic of the swimming method for a two-body hadronic decay and
with IP selection requirements as an example. Shown below each schematic is a graph
of the decay-time acceptance function for this event. The shaded, light blue regions
show the bands for accepting the IP value of the daughter tracks. As discussed in
Chapter |5, no selection is made on IP, however X%P selections are made that bias the
lifetime in a similar manner. In (a) the A~ daughter track fails the IP requirement and
the acceptance is turned off. The distance between the PV and SV is increased in (b)
until the both daughter tracks pass the IP requirement and the acceptance turns on
at ti,. In (c) and (d) the decay-time is further increased and the acceptance remains
on. The decay-time measured by the experiment, ¢,,.,s should lie within the acceptance

intervals as in (d).
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Figure 8.3: Schematic of the swimming method for a two-body hadronic decay and
with IP selection requirements as an example where there are two PVs in the event.
Shown below each schematic is a graph of the decay-time acceptance function for this
event. The circles about each PV show the minimum IP value that the daughter tracks
must have for the event to be selected. The IP values are large enough for the event
to be accepted in (a) and thus the acceptance is turned on. In (b) the event is not
accepted as the minimum IP for the A~ daughter is now associated to the second PV
and is smaller than the accepted value. In (c¢) the acceptance turns on again as the IP

w.r.t. the second PV is larger than the selection requirement.
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8.2.1 Swimming the trigger

Section described the trigger selection used for this analysis. Swimming the
trigger involves rerunning this trigger algorithm for each event while varying
the D decay time and measuring whether the event passed or failed the trigger
selection at each value of the decay-time. The decay-time is varied by moving
the primary vertex along the D momentum direction. The D" decay vertex is
not varied as this would require a full reconstruction of the daughter particles.
All primary vertices in an event are moved coherently in the direction of the D°
momentum, and the PV associated with the D is recalculated at each swimming
step, thus taking into account acceptance effects due to PV misassociation.

The key to this method is the ability to rerun the trigger in precisely the same
configuration as during data taking. This is made possible by the implementation
of the trigger as a software framework, instead of a hardware device. In order to
reproduce the trigger decisions as performed during data taking, it is sufficient to
choose the same version of MOORE, the same trigger configuration key (TCK),
which encodes the selection requirements in each trigger line, and the correct
entries from a database of the detector conditions and alignment.

Each decay time, t;, for a single event, has a one-to-one correspondence with
the positions of the PVs in the event. Given infinite computing resources one could
evaluate the trigger decision at every possible decay time of the D candidate
and obtain the acceptance function to some arbitrary precision. In practice this
is not possible because the number of times that the trigger would have to be
evaluated for each event becomes larger as the sampling granularity increases.
Instead a search procedure is carried out to increase precision and decrease
computation time. First, a rough search is performed for the turning points,
with a granularity of 4mm between £200mm of the original primary vertex
position and a granularity of 40 mm between £600 and +200 mm. A turning
point is defined by the change in the TOS trigger decision between two consecutive
swimming steps. The granularities and swimming distances are chosen because
a D° with a momentum of 200 GeV/c flies approximately 20 mm in the LHCh
lab frame, and it is necessary to know the acceptance function to at least +10
D" lifetimes. Beyond this region (200 to 600 mm), the swimming is performed
with a coarser granularity to allow upper lifetime acceptances to be tested. The
granularity of 4 mm means that top hat acceptances narrower than 4 mm may
be missed by this procedure. Such narrow top hat functions are indicative of

overlapping primary vertices as the D° must first fly far enough away from one
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Figure 8.4: Distribution of the distance between the two PVs in events with only two
PVs.

primary vertex to be accepted, only to be rejected for being too close to another
primary vertex shortly afterwards. Given the size of the interaction region of
+30mm and the average primary interaction multiplicity of two, it was felt that
the primary vertices were well enough separated to make this effect negligible (see
Fig. .

In the next step of the search procedure, each turning point is refined by
searching in a geometrically decreasing interval around itself; first in steps of
1mm in the region of +4 mm around the turning point, then 250 um and so on.

Four refinement steps are used, giving a final turning point precision of %@.

8.2.2 Swimming the stripping

The swimming of the stripping selection is done in the exact same way as the
trigger swimming, with the same step granularities and number of iterations.
Again, the stripping is a software framework and can thus be run multiple times
with identical settings. To uniquely specify a stripping configuration, only the

DAVINCI version and correct detector conditions are required.
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8.3 Further acceptance corrections

8.3.1 Accounting for the VELO acceptance

The finite length of the VELO can impose an upper lifetime acceptance on very
long-lived D° candidates whose daughters are unlikely to traverse the required
number of nine VELO stations at HLT1. The swimming algorithm is not sensitive
to this effect as the decay time is varied by moving the PV instead of the D" decay
vertex, and thus the daughter hits are not reconstructed. The VELO acceptance is
taken into account by analytically computing the number of stations that a track
passes through, based on the position of the D° decay vertex and the daughter
track directions. This calculation includes subtleties in the VELO geometry such
as tracks that cross the overlap between the left-hand and right-hand halves.
As for the swimming algorithm, a series of TPs is produced that defines the

acceptance intervals for each event due to these effects.

8.3.2 Swimming the radial flight distance requirement

As described in Section [5.4] the additional offline selection that biases the decay-
time is the requirement that the D° radial flight distance is less than 4 mm. The
effect of this selection on the decay time can be determined analytically from the

D kinematics. The flight distance vector is,
D= VDO — VPV7 (81)

where V o is the position of the D decay vertex and Vpy is the PV position.
Defining p,,;; as the unit D momentum vector and increasing the D° flight

distance by k units, the radial flight distance squared is given by,

1* = (D, + kPunite)” + (Dy + EDumity)°- (8.2)

As this is parabolic in £ it can be solved for k in the usual way for a given r, where
the larger of the two values of k represents the upper limit of the acceptance. The
lower solution for & gives the lower limit of the acceptance, a negative decay-time
that is excluded by the trigger requirements. Having obtained £, the maximum

decay time allowed by the radial flight distance requirement is,

D + kpun
L=t M’ (8.3)

max meas ‘ D |

where t,,.,s is the measured decay time of the candidate at its original flight

distance.
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8.3.3 Accounting for the tracking efficiency acceptance

In addition to the above effects the VELO track reconstruction creates a decay-
time acceptance effect that is unconnected to the VELO length. The track finding
algorithm prefers tracks that originate close to the beamline. Long-lived D°
mesons are more likely to travel further from the beam, leading to a potential
upper lifetime acceptance limit that is not accounted for by any of the previous
swimming steps.

This effect was studied in [81], using BY — J/) K decays where the section
of the kaon track downstream of the magnet is reconstructed, and subsequently
the VELO part of the track is searched for as a function of the track distance of

closest approach to the beamline, z4,.,. The efficiency is parameterised as,

E(Zdocau) =a+ ﬁziocaa (84)

where o and [ are taken from an appendix of the reference in which they are
calculated in bins of the track transverse momentum and event occupancy.

In order to interpret these results as an acceptance effect on the D° decay
time, a link must be made between the track z4,., and the decay time. This link
is dependent on the kinematics and geometry of each event. The dependence of
Zdoea ON the decay time is shown in Fig. for a single event. The dependence is
linear but the slope and intercept will vary for each event. Thus the efficiency in

terms of decay time for a single track, 4, is given by,
6i(t) = a+ By + 6;t)?, (8.5)

where 7, and 9, are the intercept and slope as in Fig.
All four constants are known or can be computed for each daughter track in

each event prior to the fit. The application of this in the analysis is discussed in

Section R.6l

8.4 Time-fit PDF

The total fit PDF factorised into the two fit parts is given in Eq. . Decay-time
acceptance is included as a set A of the TPs returned from the swimming and
other acceptance determinations. Only candidates with two turning points (a
single top-hat acceptance function) are used in the analysis. This greatly simplifies
the inclusion of the acceptance in the total fit PDF. The selection requirement on

the D" decay radius means that the number of events with more than two TPs
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Figure 8.5: Dependence of track zgye, on D’ decay time for one event, showing (left)

the positively charged track and (right) the negatively charged track.

is small. To reduce correlation between the two turning points, the observable
TP4g := TP, — TPy, is defined, such that A ~ {TP,, TP4g}. These acceptance
observables only appear in the decay-time PDFs, as acceptance effects on the
mass and In(xfp) PDFs are not important to this measurement.

Including acceptance effects, the PDF of the second fit stage is given by,

Z P(Cla55|ma Am)fclass(ln(X%P)a ta A) =

class

P(szg|m, Am) Z P(SU’bCl'|$Z'g')fsig‘,subcl. (ln(XIzP)7t|A)fsig.,subcl.(A)

subcl.
(8.6)
+ P(7T5|m, Am) Z P(SUbCl'|7Ts)f7rs,subcl. (IH(XIZP)J t|A)f7rS,subcl.(A)
subcl.
+ Z P(kernel|m7 Am) fkernel(ln(X%P)u t|A)fkernel(A)7

kernel

where kernel refers to the combinatorial or misreconstructed backgrounds with
no distinction between prompt and secondary decays. Recall that the relative
fractions P(classim, Am) are known from the first fit stage. The new relative
fractions, P(subcl.|class) describe the fraction of prompt and secondary decays
within a class. They are floating parameters in the second fit stage, for which the
In(xip) distribution provides discrimination. The PDFs felass,subet. (A), describe
the distribution of TP; and TPgg for each subclass and their determination is
described in Section Each of the functions, fclass’subcl,(ln()(%p), t|A), can be
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further split into the decay time and ln()(%P) components as follows,

fclass,subcl. (ln(X%P)v t|A) = fclass,subcl. (t|A) fclass,subcl. (ln(XIzP) |t)7 (87)

where acceptance effects on In(xfp) have been ignored and where etass,subet. (| A)
is the decay-time PDF given the acceptance, discussed in Section [8.6 The last
line in Eq. for the kernel PDFs can similarly be factorised into a decay-time
PDF and a decay-time dependent ln(X%p) PDF. The turning point and decay-time

PDF's of the kernel classes are not parametric and their acquisition is detailed in

Section R.8]

8.5 Turning point PDF's

The procedures for determining the PDF's of TP, and TP g for the various classes

and subclasses are presented here. These are the PDFs, f.jss super (4) in Eq. .
As TP, and TPy are correlated the PDF factorises as,

fclass,subcl‘ (Tpla TPdiff) = fclass,subcl. (Tpl)fclass,subcl. (TPdiff|TP1)' (88)

If these PDFs were the same for all classes and subclasses they would factor out
from Eq. , resulting in a constant multiplicative term. This term could then
be neglected as it would have no effect on the position of the likelihood function
maximum. However, the acceptance effects depend on the candidate kinematics
and the kinematics vary between classes. Thus, in the fit it is necessary to include
different PDFs describing TP, and TPg4g for each class and subclass.

The procedure for determining these turning point PDFs for the signal and 7,
classes, and their associated subclasses, is detailed in this section. The determi-
nation of the corresponding PDFs for the classes using kernel density estimates
is introduced along with other details of these classes in Section The PDF's
resulting from these procedures are used in the final fit to the D° decay time
and to In(xip(D°)). As a consequence, the iterative procedures described are run
before the final analysis fit. They require information gained from the D° mass
and Am fit of Chapter [7] and thus are run after that step of the analysis.

In the case of signal and random 7, classes, the TP distributions of prompt
and secondary decay components must be unfolded. This cannot be done using
information from the mass fits only, as prompt and secondary decay candidates

have identical distributions in m(D") and Am. The probability of a candidate
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Figure 8.6: Comparisons of the TP PDF estimates summed over all classes and subclass
with the TP distributions from data for (left) TP; and (right) TPg4;g. Both estimated
distributions show a good description of the data, though there is a small discrepancy
between the estimate and the data at low decay times and small values of TP ;4. The
determination of these PDFs is described in Section for the signal and 7, classes
and in Section for the kernel classes.

belonging to a certain subclass (prompt or secondary) given its class (signal or

random 7,) and its measured values, is given by,

P(subcl.|class,m, Am,In(xip), t, TP;) =
P(SUbCl' ’ CZCLSS) fclass(ma Am)fclass,subcl‘ (1n(X%P)> Zf’r]:‘Pl)fclass,subcl. (TPI)

Zsubcl. P(SUbCl | CZGSS) fclass(ma A/’n)fclass,subcl. (ln(X%P)a tlTPI)fclass,subcl. (Tpl) ’

(8.9)

where lemma 2 in Section [6.2] is used. The mass PDFs for all classes are known
from the first fit stage. An iterative unfolding procedure is used to determine
the first turning point PDF from Eq. . Initial estimates of the first turning
point distributions f s suber. (TP1), are made from the data distribution of TP,
sWeighted using the mass fit results. Kernel density estimation is applied to
this distribution to produce a continuous function. To distinguish between
the subclasses, an initial guess of f s prom.(TP1) is made from the data with
In(xip) < 1, while the corresponding secondary decay PDF, fetass,sec.(TP1), is
made with all candidates. As these probabilities are calculated prior to the decay-
time fit, an initial estimate of the decay time and IH(X%P) PDF parameters, and
the relative fractions must be made. Provided these are reasonably close (within
50) to the final fitted values this has negligible effect on the calculation of the

probabilities. To minimise potential biases from the choice of starting parameters,
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Chapter 8. Acceptance correction and decay-time fit

a first fit is run with rough estimates of the fit parameters, and its output used to
update the values of the parameters. This is then used as the default starting
point for all fits. The initial estimate PDF's are used to calculate the first estimate
of the probabilities, P;(subcl.|...). The turning point distributions are then
remade using P (subcl.|...) as the weights, instead of the sWeights, and without
requirements on In(yip). This is repeated until the difference between subsequent
TP, PDFs is sufficiently small. The same procedure is used to determine the
TPgyg distribution, with suitable modifications to Eq. .

The accuracy of this method is confirmed by comparing the data to the sum of
the obtained PDFs,; as shown in Fig. for KK~ data. The overall description
of the data is good, and the differences in the PDFs between classes are apparent.
In particular, secondary decay candidates have considerably larger values of TP,
compared to prompt decay candidates. This is because D° mesons from B decays
do not come from the PV and have larger direction angles at lower decay times.
The DIRA selection requirement used in the stripping selection (See Table
is thus much more efficient for prompt decays than for secondary decays at low

decay times.

8.6 DecaY'time PDFS7 fclass,subcl.(t|A)

Putting together the relevant terms described in the previous sections one can
evaluate the PDFs for the decay time and In(xfp) fit. The decay-time PDF from
Eq. for a single event can be written as,

 Jetasssuper. (1)© (t = TP1) © (TP + TP yig — ¢)

fclass,subcl, (t‘TPb TPdiff) - TP, +TP.: ) (810)
Tp11+ o fclass,subcl. (t) de

where O(t) is the Heaviside step function and fj.ss suber. (t) is the “unbiased” decay-
time PDF. The biased decay-time PDF for a single event is the unbiased PDF

restricted to, and normalised in, the acceptance interval, as in Fig. 8.7

For the signal prompt class,

1
fsig‘,prom. (t) = _e_t ’ ® R(tlv t) 61’@)7 (811)
T
where R is a detector resolution function and ¢;(¢) is the track reconstruction
efficiency for the prompt signal decays, first introduced in Section [8.3.3|
The detector resolution is accounted for by convolving the unbiased lifetime

PDF's with a single Gaussian of width o,

r\2
| B G

e 2" . (8.12)

R(t' t) =

2mo
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Figure 8.7: Example distribution of f(t|A) for one event. The solid line shows the
normalised distribution for which A contains three TPs at 0.25, 1, and 1.5ps and
a lifetime of 410.1fs. The dashed line shows the normalised distribution of a pure

exponential without acceptance effects and with the same lifetime.

This assumption is sufficient given the good resolution of LHCb. The o value
of 50fs used in the fits is motivated by the averaged values measured with a
triple Gaussian resolution model in three B decays, which lie between 43 fs and
51fs [82]. The effect of the detector resolution on Ar is explored in Section [9.4.7]
by varying the value of o and by introducing a different resolution model. No
detector resolution is applied to the secondary background component.

The track reconstruction efficiency as a function of ¢ for a single track is given
by Eq. . For a pair of tracks it is the product of the efficiency for each
track (denoted by subscripts 1 and 2) leading to a fourth order polynomial in

decay-time,

€i(t) = (@ + 871 doca) (@ + BZ3 doca) (8.13)
= (a+ B(y1, + 01,t)*) (@ + B(va + 02,5t)°).
This efficiency correction is not applied to the background PDFs.

The unbiased secondary background PDF is the sum of the convolution of two

exponentials and a further single exponential,
P(S@C.HS@C.) (eft/TQ,sec. _ eft/Tl,sec.) _|_ <1 _ P(S@C.llS@C.)) eft/TS,sec.

fsec. (t) =
P(sec.1]|sec.) (TZS@C_ — TLSEC_) + (1 — P(sec.1|sec.)>7'378€c,

Y

(8.14)
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Figure 8.8: Fit to the D’ decay time of a simulated secondary background sample
decaying to the K~ 7" final state. The full offline selection was applied to the sample.

A convolution of two exponentials plus a third exponential is used as the fit function.

where P(sec.1|sec.) is the fraction of the convolution with respect to the single
exponential. The convolution of two exponentials gives this difference, which
is motivated by the fact that there are two component parts to the decay time
of these events, one from the B and one from the D°. The parameter Ty sec. 1S
fixed to 0.33 ps from a fit to a sample of simulated secondary decays, shown in
Fig. . The parameter 7, .. is constrained to be larger than 7 ., as seen in
the simulation fits. The addition of the third exponential improves the quality of
the fits to simulation. The lifetimes of the secondary background PDF's returned
from the fit are smaller than expected considering that B decays are relatively
long-lived. This is due to the projection of the b-quark hadron flight displacement
onto the D° flight displacement, which results in a smaller effective flight distance
than would be expected.

The unbiased decay-time PDF of the prompt soft pion background follows ex-
actly the same prescription as that of the prompt signal. The track reconstruction
efficiency, €;(t), is assumed to be the same for both, although the fitted lifetime
parameter, 7, , is allowed to be different. The secondary soft pion background
has the same unbiased decay-time PDF' as the secondary signal sample with the
same parameter values.

The In(xip) and D° decay-time observables are fit together and thus the

two relative fractions for the subclass PDFs, P(prom.|sig.) and P(prom.|r,), are
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Figure 8.9: Projections of the fit to (left) D® decay-time and (right) In(xfp) for the

D' KTK ~, magnet polarity down sub-dataset in the second run block.

shared. By construction these parameters also control the fraction of secondary
events in each class.

The D° decay-time projection of the fit to decay-time and ln(x%P) for one
sub-dataset is shown in Fig. [8.9(left). Table shows the final values of all fit
parameters for this one sub-dataset. Detailed results for all final states can be
found in Appendix [B] Discrepancies in the agreement between the fit and the

data can be seen at low decay-times in the figure. This is discussed further in

Section 0.4.4]

8.7 ln(X%P) PDFS? fclass,subcl.(ln(X%P”t)

The In(xfp) distributions in the fit are modelled with a “smeared In(xfp)” PDF,
given by,

D IO CHEEPN I T

exp {appy +ap(e — p) —exp{ag(e —p )} o> py
where p, is the most probable value and «j, i are left and right-hand smearing
parameters. The form of the PDF presented here has not been normalised but
an analytic integration is performed in the analysis framework. The prompt
signal ln(X%p) component is described by two of such PDFs. A small decay-time
dependence is seen in the simulated data in the shape of the prompt signal

component, which is accounted for in the fit. Both mean parameters have a linear
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dependence on time, with different intercept parameters, but a shared slope,

:ux,i,prom. (t) - S,u,prom.x + ],u,i,promn (816)

where all three parameters are allowed to float in the fit. The left-hand side
smearing parameter of the first PDF is linear in time with a floating intercept
and slope (S, I

approm.> Loy prom.). The left-hand side smearing parameter of the

second PDF is fixed (o 2 prom.). The two right-hand side smearing parameters
are constant in time, but their values are allowed to float (g yrom.). Including
a relative fraction for the first PDF, defined as P(x1|prom.), gives eight free
parameters. The starting values and decay-time dependencies for these PDFs are
motivated by studying the variation of the PDF parameters in bins of decay time
with simulated data, as detailed in Appendix . For the 77~ final state, the
prompt In(xip) PDF is a single smeared In(x{p) PDF instead of the sum of two,
as fewer free parameters are needed to fit this relatively small dataset.

A single smeared In(xfp) PDF is used to represent secondary background.
As mentioned in Section [B.I], the evident decay-time dependence of secondary
background events is used to distinguish them from prompt signal events. The

mean has a dependence on decay-time that is described by the sigmoid function,

g2

:ux,sec. (t) = Yo +

where all parameters are allowed to float. The left and right-hand side smearing

parameters have a time evolution given by exponential functions,

aL,sec. = pL,O + pL,lt + epLQta (818)
QR,sec. — PR, + pR,lt + epR’Qta (819)

The pro parameter is fixed for all final states, and thus there are eight free
parameters from this component. The form of these time dependencies and their
starting values come from fits to simulated secondary events, as described in
Appendix [A.2]

The prompt and secondary random soft pion components have the same PDF's
as their associated correctly tagged components with the exact same parameter
values.

The In(xip) decay-time projection of the fit to decay-time and In(xfp) for one
sub-dataset is shown in Fig. [8.9(right). Table shows the final values of all fit

parameters for this one sub-dataset.
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8.8 Kernel density PDFs

The determinations of the kernel class background PDFs describing, the turning
points, the In(xjp) distribution, and the unbiased decay time, are significantly dif-
ferent to those used for the other classes and subclasses of the analysis. Described
here are the determinations of the same PDFs as in previous sections, but for the
kernel classes.

The shapes of the combinatorial and misreconstructed backgrounds in terms
of decay time and ln(x%p) are unknown. Their PDFs in the fit are therefore
kernelised sPlots, as introduced in Section [6.4. The sWeights of the different
background classes in decay time and ln(xﬁp) are extracted from the first fit stage
to m(D") and Am. The biased decay time and In(xip(D")) PDFs are obtained
by first applying the sWeights for a certain class to the full dataset, giving the
disjunct distributions of decay time and In(xfp(D")) for this class. Next, Gaussian
kernels are applied to each event to form a continuous distribution of the biased
decay time and In(xjp) PDFs for this class. The PDFs of f(TP;) and f(TP4g)
are also determined in this way.

The unbiased decay-time PDF is extracted from the biased PDF using an

iterative procedure. The biased and unbiased decay-time PDFs are related by,

fkernel(t7 A) = fkernel(A|t)fkernel(t)' (820)

For the background kernel classes in question, the acceptance PDF given the
decay time is defined as,
Ot —TP)O (TP, + TPy —t)

TP +TPy; )
prll o fkernel(t) dt

fkernel(A|t) - sternel

(8.21)

where (Pporne 1S the sWeight of this event for this kernel class, and the integral
in the denominator is of the unbiased decay time PDF over the accepted interval.
The unbiased decay time PDF is not known, so an estimate of a single exponen-
tial convolved with a Gaussian is used initially, called fy jemer(t). The lifetime
parameter of the exponential is taken to be the mean of the decay-time data,
sWeighted for this class, and the width of the Gaussian is taken to be the same
as for prompt signal.

The biased PDF, constructed from the kernelised sPlots is divided by
Jo.kernet(Alt) to give the next estimate of the unbiased PDF. An iterative process

is used to refine the unbiased PDF estimate such that,

_ fkernel(t7 A) ]
fn,kernel(A|t>
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For each step of the iteration the new unbiased PDF is compared to the previous
one. When there is little change between successive iterations the process is
deemed to have converged.

The kernels in decay time and In(y3) are considered to be independent,
with two bandwidths to describe the width of the kernels in each observable.
The largest component for which this procedure is used is the combinatorial
background. This approach relies on the assumption of a negligible correlation
between the relevant observables. No significant correlation was observed for the

combinatorial background or the misreconstructed backgrounds in simulated data.

8.9 Blinding

The real fitted lifetimes in the KK~ and 777~ final states were hidden from
the analysts (“blinded”) during the course of setting up the fitting process and
the systematic checks. This is done to ensure no analyst bias was introduced into
the method. The parameters were multiplied by a “blinding” parameter at the
interface between the numerical minimisation algorithm [71] and the fitter classes.
The result was that unblinded parameters were fitted to the data but blinded
parameters were returned to the user.

For all fits, the blinding parameter was a random scale, by;qg4eq; chosen
according to a flat random distribution between 0.97 and 1.03. Flavour specific
fit lifetimes were multiplied by a blinding factor b0 = byniagged + bragged fOr D°
and b0 = bypiagged — Dtagged TOT D, with btaggea chosen according to a flat random
distribution between -0.03 and 0.03. Such a method allows one to compare the
results for systematics studies whilst keeping the true measured value unknown.
The difference between measurements in the K™K~ and 777~ final states was
unblinded during the course of the analysis by setting the final state specific

blinding factors to be the same.
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Table 8.1: Fit parameter results for the fit to D° decay-time and ln(XIQP) from one
D K"K~ sub-dataset with magnet polarity down and from the second run block.

The symbols are explained in the text. The parameter units are shown where relevant.

Parameter Fixed? Value
P(prom.|sig.) N (0.91969 + 0.00053)
T N (0.41325 = 0.00066) ps
P(x1llprom.) N (0.9868 4+ 0.0012)
Loy prom. N (0.7926 + 0.0048)
S prom. N (0.1765 + 0.0035)
Lo, prom. N (1.0574 + 0.0028)
Sa, prom. N (—0.0624 + 0.0022)
AR prom. N (0.8898 + 0.0050)
Lo prom. N (2.976 + 0.062)

AL prom. Y 0.9622
QR.2.prom. N (2.57 £ 0.28)
P(sec.l|sec.) N (0.9164 £ 0.0026)
1 sec. Y 0.33 ps

T2, sec. N (0.959 + 0.014) ps
T3, sec. N (0.3261 + 0.0071) ps
% N (—3.997 £ 0.064)
g1 N (0.997 =+ 0.020)[ps]
9o N (9.564 4 0.085)
PrLo N (1.49 £ 0.12)
PrL1 N (0.047 £ 0.023)[ps]
PL2 N (—0.84 £ 0.22)[ps] !
PRo N (—0.6486 + 0.0075)
PR1 N (0.0138 =+ 0.0030)[ps]
PR2 Y —8 [ps] '
P(prom.|m,) N (0.91610 =+ 0.00087)
T N (0.4230 + 0.0012) ps

S
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Cross-checks and systematic

uncertainties

Studies that validate the fit method are presented in this chapter. Data-driven
techniques and simulated datasets are used to show that no significant bias is
present in the measured value of Ap obtained from the method detailed in previous
chapters, and using Eq. (2.43).

Firstly, the K~ 7" control sample is studied to validate the method in Sec-
tion [9.1], while a number of null tests on real and simulated data are presented in
Section 0.2l and Section 0.3

Tests for systematic biases inherent to the method are investigated in Sec-
tion [9.4] Potential biases in the results due to the various backgrounds, from the
acceptance determination and from other sources, are explored.

Finally, Section|9.5|shows a series of additional tests including splitting the data
into disjoint samples by applying selection requirements to kinematic observables.
The lack of significant variation in these sub-datasets shows that the value of Ap

is not dependent on these selections.

9.1 Pseudo-Ar cross-check

Pseudo-Ar is defined as the value of Ay calculated from the D and D° lifetimes
of the CF decay D”— K 7", which should be consistent with zero, as described
in Section [2.5] Any statistically significant deviation from zero would indicate a

bias in the fit method described in previous chapters.
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Table 9.1: Measured values of 7(K~ n") for each of the 12 sub-datasets on which the
individual fits are performed. The average lifetime is calculated as a weighted average

with the sub-dataset size.

MagDown
7(K~n%) [fs] | RunBlockl RunBlock2 RunBlock3
D° 414.36 + 0.25 | 415.34 £+ 0.21 | 415.52 £+ 0.19
D° 414.02 + 0.24 | 415.37 4+ 0.21 | 415.23 £+ 0.18
Average 414.18 + 0.17 | 415.36 &+ 0.15 | 415.37 £+ 0.13
MagUp
7(K~n%) [fs] | RunBlockl RunBlock2 RunBlock3
D° 414.00 4+ 0.23 | 415.14 4+ 0.19 | 415.39 + 0.26
D’ 413.82 £ 0.23 | 415.30 + 0.18 | 415.61 £+ 0.25
Average 413.91 + 0.16 | 415.22 + 0.13 | 415.50 + 0.18
K v MagDown
w0 416
O *+ MagUp
g B a R0
24155 11 % |®D
- —=0
| f .D
4151 !
414.5f %
414 ﬁ :
413.5f
runl run2 run3
Run Block

Figure 9.1: Measured values of 7(K 7") for each of the 12 sub-datasets on which the
individual fits are performed. The down arrows indicate a magnet polarity down sample
and the up arrows indicate a magnet polarity up sample. A red marker indicates a
measurement of the D° sample and a blue marker is a measurement from the D" sample.
The z-axis shows the run block, with an arbitrary offset applied to adjacent points so

the errors can be seen.
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Table 9.2: Measured values of 7(K _7T+) when averaging over the two magnet polarities.

The average lifetime is calculated as a weighted average with the sub-dataset size.

7(K~7") [fs]  RunBlockl RunBlock2 RunBlock3

D’ 414.17 £ 0.17 41523 £ 0.14 41547 £ 0.15
D’ 41391 £ 0.17 415.33 £ 0.14 415.36 £ 0.15
Average 414.04 £ 0.12 415.28 £ 0.10 415.42 + 0.11

The world average measurement of the D" lifetime in the decay D®— K n*

from (9] is, 7(K 7)) = (410.1 £ 1.5) fs. Table[9.1{and Fig.|9.1|show the measured
values of 7(K ~7") from the analysis in this thesis, for each of the 12 sub-datasets
of the full K~ 7" data. Table[9.2|shows the results when averaging over the magnet
polarities. The averages are calculated by weighting with the total number of
candidates in each sub-dataset, where only statistical uncertainties are shown.
The total averaged result of (415.00 £ 0.06) fs is significantly higher than that of
the world average, at the level of 3.30. There is also a discrepancy in the measured
values between the first run block and the other two run blocks. Averaged values
in the two magnet polarities and over both D° flavours are compatible. A y?
test of the compatibility of the 12 individual measured values yields a < 1%
chance that these differences are caused by statistical fluctuations. The significant
variations in the measured lifetimes are to be expected due to residual biases
caused by selection and the challenging environment of hadron collisions. However,
these biases are correlated for the D® and D" sub-datasets, and hence while the
absolute lifetimes are susceptible to systematic effects, the ratio of lifetimes is not
significantly affected. Fig. shows the calculated values of pseudo-Ap in the
individual sub-datasets, where a good agreement between the measurements is
evident. While the measured lifetime varies significantly between sub-datasets,
the values of pseudo-Ar show no variation with run block or magnet polarity and
have a x* of compatibility of 70%.

The final value of pseudo-Ay is found to be (—0.07 & 0.15) x 10~%, which is
consistent with the expected value of zero. These results show that the method
does not account for all decay-time biasing effects present in the data, but the
biases that affect the D° and D lifetime asymmetry are successfully removed.

Thus such a method cannot be used to measure the D lifetime accurately, but
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Figure 9.2: Calculated values of pseudo-Ar in the individual K “nt sub-datasets. The
down arrows indicate a magnet polarity down sample and the up arrows indicate magnet

polarity up samples. The X2 probability of compatibility for these data is 70%.

provides unbiased measurements of Ap.

Fig. m shows the asymmetry in the number of D° and D° candidates from
the full D" — K~ 7" data, overlaid with the asymmetry of the fit model. Clearly
there are significant decay-time dependent asymmetries in the data, but these are
correctly modelled by the fit. These asymmetries are believed to originate from
momentum dependent detection asymmetries for the 7. The selection of soft pion
candidates has a different efficiency depending on the pion charge and momentum.
As the D” and 7, are related through the D", there is a relationship between the
D° momentum and the 7, detection asymmetry. The selection also introduces
a correlation between decay time and momentum, such that low momentum
candidates need a larger decay time to be selected than that needed by high
momentum candidates. Thus, there is a relationship between the D° lifetime and
the 7, charge detection asymmetry. The swimming method parameterises D°
momentum correlations with decay time and the method accounts for them in
the fit, such that the link between the 7, charge detection asymmetry is removed
and the correct value of Ar can be extracted.

The accuracy of the method is further demonstrated by comparing the asym-
metry of the prompt signal component of the fit for each magnet polarity. The
results from the two magnet polarities are compatible, as shown in Fig. H (left)
and Table 9.3, which indicates consistent results. An additional demonstration of

the robustness of the fit method is to calculate pseudo-Arp for the random 7,
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The flat pull distribution, which compares the data and the fit model, shows that the

decay-time dependent asymmetries in the data are correctly modelled by the fit.
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prompt random soft pion background.

Table 9.3: The average values of pseudo-Ar for each magnet polarity, and their compat-

ibility, for both prompt signal and random soft pion background.

Pseudo-Ap (x107%)  MagUp(fs)  MagDown(fs) Difference(o)
prompt signal 0.0540.21  —0.29 + 0.20 1.15
prompt random 7, —0.494+0.53  0.87 4+ 0.54 1.79
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background, which should also be consistent with zero. As shown in Fig. (right)
the variation as a function of decay time of the asymmetry of this background
is larger than that of signal. Nonetheless, Table shows that the expected
values of pseudo-Ar are obtained, and that they are compatible between magnet
polarities. This demonstrates that the fit method is robust against momentum

dependent detection asymmetries.

9.2 Randomised flavour tag null tests

The fits to K™K~ and n"n~ data are verified by randomising the D° and D°
flavour tags. A uniform random number between 0 and 1 is chosen. If the number
is less than or equal to the fraction of D events in the dataset then it is tagged
as a D° event. This fraction is found to be 0.495. If the chosen random number
is above this value then the candidate is given a D° tag. In this way, any possible
asymmetry between the D° and D lifetimes is removed from the dataset and the
fit should return an Ar value of zero on average. For each final state 100 such
tests are run with a different seed used to generate the random numbers in each
case. Table shows the results for both final states and Fig. shows the pull
distributions of the measured values for the K*K~ and 77~ samples. The pull
distribution is the difference between the measured values and the expected values
divided by the measurement uncertainties. They are consistent with a normal
distribution centered at zero, which indicates that the results are unbiased. Thus

the method as outlined in previous chapters produces unbiased measurements of
Ar(KTK™) and Ap(rt77).

Table 9.4: Results of null tests on KK~ and # 77~ data with randomised flavour tags.
The average Ar value from this test is zero showing that the method works as expected.
The Ar mean bias is the difference between zero and the measured values of A for each
test, while the Ar pull mean (relative bias) is the mean value of the difference divided
by the error for each test. The X2 probability is from the fit of a normal distribution to
the pull distribution.

Final State | A mean bias(x107%)  Ap pull mean P (x*|ndf)
A —0.012 £ 0.075 —0.015£0.095  52.3%
K"K~ 0.038 £0.047 0.083 £0.103 10.4%

128



Chapter 9. Cross-checks and systematic uncertainties

Entries 100 Entries 99
Mean -0.01496 + 0.09465 Mean 0.08318 = 0.1031
$ 35 RMS  0.9465-0.06693 | V) [ RMS 1.026 = 0.0729
@ r %2/ ndf 8.11/9 _9 30— %2/ ndf 171/1
=% Prob 0523 | &5 F Prob 0.104
c C c 25—
L L

5]
T

=)

Figure 9.5: Pull distribution of the calculated values of (left) Ap(zm" 7~ ) and (right)
Ap(K K ~) relative to the expected value of zero, using a dataset with approximately
100 different seeds used to randomise the D° flavour tag. A X2 test for consistency with

a Gaussian with ¢ = 0 and o = 1 is shown.

9.3 Control toy studies

A further verification of the accuracy of the method is obtained via fits to simulated
pseudo-data, known as “toy” data. These data are generated using the same
PDF's as are used to fit the data for each of the final states. The PDF parameter
values are taken from the fits to data. One exception is the generated lifetime
value that is set to 406.6 fs, which is approximately the D° lifetime when decaying
to a CP eigenstate. Running the fits on toy data can demonstrate the internal
consistency of the method. Additionally, potential biases and correlations can
be added to the toy data to check their effects on the measured values; this is
further discussed in the following sections. The toy data are randomly divided up
between D and D°, magnet up and down, and three run blocks with fractions
roughly equal to those of the data in each case. In particular, there is a 0.5%
difference in statistics for D° and D°, as is seen in data.

Approximately 200 such toy datasets were generated for each final state, each
with a total of 4.8 million candidates and the full fit run on each. The distribution
of the fitted values and their pulls are examined for bias. If the fitted values
are unbiased and the statistical uncertainties accurate, then the distribution of
pulls should be consistent with a Gaussian with g =0 and ¢ = 1. Fig. shows
the pull distributions for the K"K~ and nt7~ final states, averaged over the
six sub-datasets. The corresponding mean biases are quoted in Table [9.5] The
x? tests of compatibility with normal distributions indicate that the method is

unbiased for both final states.
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Figure 9.6: Pull distribution of the calculated values of (left) Ap(x"7~) and (right)
Ar(K K ) relative to the expected value of zero, using control toy datasets. A x2 test

for consistency with a Gaussian with ;4 = 0 and ¢ = 1 is shown.

Table 9.5: Results from the control toy tests for Ap(K"K ™) and Ap(7" 7). The mean
bias is the measured value of Ar for all datasets relative to the expected value of zero,

while the Ar pull mean (relative bias) is the mean value of the pull distribution.

Final State | Ar mean bias(x10™*)  Ar pull mean

KK~ 0.055 £ 0.041 0.008 = 0.061

rtn” —0.056 = 0.088 —0.045 £ 0.070

9.4 Systematic uncertainties

A number of tests are carried out to evaluate the size of the systematic uncertainties
and to check the stability of the fit results. This section describes the procedure
for determining the systematic uncertainties and provides a summary of the results
obtained, which are given in Table [9.6]

The systematic uncertainties are evaluated by a combination of varying the fit
configuration and by adding various effects to toy datasets. In the former case
the alternative configurations are applied in turn to the method and values of
Ar determined. The corresponding systematic uncertainty is evaluated by taking
half the amplitude of the maximum variation of the result between the alternate
configurations. If the alternate configurations are systematically higher or lower
than the default fit result, then the full amplitude of the maximum variation is
taken. If there is only one alternate value with which to compare, the difference
between this value and the default value is taken as the systematic uncertainty.

In the latter case, toy datasets are produced with various added effects and
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Table 9.6: Summary of systematic uncertainties for the K™K~ and n# 7~ final states.

All uncertainties are given as multiples of 1073

Effect (x107%) Ar(KTK™) Ap(ntn7)
combinatorial background +0.02 +0.10
secondary contamination +0.08 +0.08
correlations +0.02 +0.07
low decay-time mismodelling +0.03 +0.05
random soft pion background +0.02 +0.03
turning point accuracy +0.03 +0.02
decay-time resolution +0.01 +0.01
specific backgrounds +0.01 —
total systematic uncertainty +0.10 +0.16
total statistical uncertainty +0.46 +0.79

fitted with the default fit configuration. As with previous toy tests, 200 sets of
data are generated with 4.8 million events in each. In some cases 300 sets were
generated. The systematic uncertainty is assigned by first considering the larger
of either the relative bias of the test or the difference between the relative bias
and that of the control toy test. Here the relative bias refers to the mean value of
the pull distribution. The standard test has a relative bias of 0.008 for KK~
and —0.045 for 777~ as in Table . The assigned systematic is the largest of
the two possible biases described above, scaled by the statistical uncertainty on
Ar, which accounts for the different sample sizes between the real and the toy
datasets. The CPU requirements for generating the same number of toy events as
data events is prohibitive. The amount of statistics generated is considered to be

sufficient.

9.4.1 Combinatorial background

Contamination from combinatorial background is the largest systematic effect
in the 777~ final state as it is a relatively large background. The impact of
combinatorial background is studied with several toy tests. The first test varies
the m(DO) and Am description by generating data with alternative PDFs. A
linear distribution is used to generate the m(D") distribution and a modified
threshold function, given in Eq. , is used to generate the Am background.
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Figure 9.7: Results of Ap(x"7 ) from toy fits with an alternate m(D°) and Am fit
configuration as described in the text. Shown are, (a) the calculated values of Ap (7" 7)
and (b) their pull, relative to the generated value of zero, on each individual sub-dataset.
A X2 test for consistency with a Gaussian with g = 0 and ¢ = 1 is shown for the

distribution of pulls.

The second test uses a varied time distribution for the combinatorial back-
ground; the default toy experiments use a single exponential with a lifetime of
300 fs, while this variation uses a combination of a short-lived, a medium-lifetime,
and a long-lived component.

Fig. shows the pull plots for the first toy test on the 777~ final state,
which gives the largest systematic uncertainty of 0.10x10™* from a relative bias
of 0.086, when compared to the control toy test relative bias. The second toy test
has a relative bias of 0.075. A third toy test is carried out for this final state due
to the large fraction of combinatorial events in the dataset. This test doubles the
fraction of combinatorial events in the toys. The resulting relative bias is —0.055
giving a systematic uncertainty of 0.04x10™%. The largest of these is assigned as
the systematic uncertainty on the final result.

For K™K~ the second test yields the largest systematic uncertainty of 0.02 x
1072 from a relative bias of 0.042. The first test has a relative bias of 0.015 giving

a smaller systematic uncertainty.

9.4.2 Secondary contamination

Residual contamination from secondary decays is a large systematic in both final
states, as it is difficult to separate from the prompt signal events, especially at
low decay-times where the distributions overlap.

The impact of secondary contamination is assessed in several ways. The first
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Figure 9.8: Variation of blinded Ap(KTK ™) as the first lifetime parameter of the
secondary decay-time component is fixed to different values in the fit. The default
blinded Ar value, with the parameter fixed to 0.33 ps is shown with a red line. The
errors shown are the quadratic subtraction of the default error from the errors returned

by the alternate fits.

test is a set of toy studies with a varying fraction of secondary decays, starting
from a nominal value of about 5% of the total dataset, up by a factor of two and
down by a factor of 0.5. The secondaries make up about 7% of the signal class,
with prompt signal making up the rest. These ranges are large enough to cover a
difference seen between the evolution of the secondary fraction with decay-time
in the simulation and the fit results. A second test measures the sensitivity to
the first lifetime parameter of the secondary decay-time distribution, presented in
Eq. (8.14)), that is fixed by default.

No significant deviations or biases are seen in any of the tests, nonetheless a
systematic is assigned for each final state. For the KT K™ final state the varying
of the first lifetime parameter gives the largest systematic error of 0.08 x 1072,
shown in Fig.[9.8l The toy studies that double and halve the fraction of secondary
events give systematic uncertainties of 0.04x107* and 0.02x107%, respectively.

For the 777~ final state the toy test that halves the secondary fraction gives
the largest systematic uncertainty. Fig. shows that the relative bias of the test
is 0.061, which gives a systematic uncertainty of 0.08x10™* when compared to
the control test. The test that varies the first lifetime parameter for 777~ gives
a systematic error of 0.06 x 10™%. Finally, the other toy test that doubles the

fraction of secondary events gives a systematic uncertainty of 0.05x107.

133



Chapter 9. Cross-checks and systematic uncertainties

Entries 200 Entries 200
- Mean 0.06146 = 0.0716
m 50— m A
o I Mean 4.433e-05 = 5.091e-05 O .F RMS 1.013 = 0.05063
— .= 40 2/ ndf 9.62/13
o [ RMS 0.00072 + 3.6e-05 o %
5 a0 - - P o Prob 0.725
cC r c e
w - LU 30—
30— E
L 25—
r 20
20— £
C 15
10— + 10
r ““ + 5 +
[ =~ F T D D D P I o= e el PR IR R PR BV
-0.002-0.0015-0.001-0.0005 0 0.0005 0.001 0.0015 0.002 -3 -2 -1 0 1 2 3
Bias Pull

(a) (b)

Figure 9.9: Results of an AF(F+TF_) toy study with the default fraction of secondary
events halved. Shown are, (a) the calculated values of Ap(7 7 ~) and (b) their pull,
relative to the generated value of zero, on each individual sub-dataset. A X2 test for

consistency with a Gaussian with g = 0 and o = 1 is shown for the distribution of pulls.

9.4.3 Correlations between variables

This section discusses the correlations between variables in the data that are not
accounted for in the fit method. Tests of the systematic effects caused by omitting
them are carried out with generated toy data. Samples of simulated events were
used to parameterise the correlations such that they could be added to toy data.

The fit method assumes that the variables of the first stage fit are independent
of those in the second stage, however this is not the case for prompt ln(x%p)
and m(D"). The dependence can be seen in Fig. [9.10(left), which shows the
mean value of In(xfp) in bins of m(D°) for simulated prompt data. In the fit
method these dependencies are not accounted for. Similarly, 1H(X%P) for secondary
events in data depends on the decay time and TP;. In particular, the sigmoid
function that describes the decay-time dependence of the ln(X%p) mean has a
TP, dependence. The dependence of the zeroth sigmoid function parameter is
shown against TP, in Fig.9.10(right). A significant correlation is seen between
the In(x?) mean and TP,. The fit method parameterises the mean and tail
parameters of the secondary ln(X%p) PDF as a function of decay-time only. To
test these effects toy data are generated with the two correlations of Fig. [9.10
added.

The correlations alone will not affect the value of Ar unless the magnitude
of the effect is different for D and D". There are two scenarios in which this
is possible. The first is if the value of Ap is non-zero. In this case, if the bias

created by ignoring the correlations in the fit model is lifetime dependent, then
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Figure 9.10: Profile plots from fits to simulated K~ 7" data for (left) the prompt In(x7p)
mean parameter in bins of m(D") and (right) the zeroth parameter of the sigmoid
function of Eq. 1) which describes the secondary In(x?p) mean, in bins of TP;.

a difference in the D® and D" lifetimes will bias the value of Ap. The second

scenario is if the bias created by the correlations is dependent on the sample size.

In this case the effect may not cancel in the lifetime ratio and the value of Ap
may be biased.

Two sets of toy data are generated and fitted to test these effects. The first
set has a non-zero value of Ap. One sample has a generated signal lifetime of
406.1934 fs, while the other has a signal lifetime of 407.0066 fs giving an A value

of 1x107%. This is more than 20 greater than the current world average. The

second set is generated with a large difference in statistics between D® and D°.

In this test the percentage of D° events is reduced to 47.5%.

For the first test, a significant bias is observed between the generated values
of the signal lifetimes and the results from the fits. This is due to the difference
between the nominal fit configuration and the generated toy data. In the toy
fits the extra secondary correlations cause the secondary ln(XIQP) and decay-time
components to have different shapes compared to the nominal PDFs. This changes
the fitted prompt signal lifetime. However, the bias in the samples with different
generated lifetimes is the same. No bias is observed between the calculated value

_l’_

of Ar and the generated value for K* K~ or #t7~. The lifetime biases cancel

when Ap is calculated as the biases in the D° and D° samples are the same.

None of the tests showed significant deviations in the relative biases, however
systematic uncertainties are assigned to account for possible effects that may have
been evident with larger toy dataset statistics. The relative bias on Ar due to

this test is 0.052, scaling by the K K~ statistical uncertainty gives a systematic
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uncertainty of 0.02x107°.

For the second test with the K™K~ final state, the relative bias is —0.046,
which also gives the systematic uncertainty as 0.02 x 1072, For the 77~ final state,
the second test gives the largest relative bias of 0.042, resulting in a systematic
uncertainty of 0.07x107°.

It was also seen that the secondary In(xfp) has a dependence on m(D°),
however this is a small effect compared to the TP, and decay-time dependence.
Due to a lack of statistics in the simulation sample it is not possible to include more
variables in the secondary mean ln(X%p) parameterisation. A small correlation is
also seen between the secondary In(x3p) and the turning point difference TP g
Again, due to lack of MC statistics it is not clear if this is a residual effect of
the correlation between In(xip) and TP, or a separate effect. For the prompt
simulation sample, fits to the decay-time dependence of the ln(xlzp) mean in bins
of TP, suggest a small correlation, but it is a small effect compared to the ln(X%p)
and m(D") relationship, shown in Fig. M(left). Toy tests including the above
small relationships were done and no significant relative biases were observed. No

further systematic uncertainties are assigned for these effects.

9.4.4 Low decay-time mismodelling

There is an evident difference between the fit model and the data in the low decay-
time region, as in Fig. (left). By using toy studies and carefully examining
the pull distributions between the generated data and the total fit results, it is
found that the neglected correlations described in Section [9.4.3| are the largest
contributors to the mismodelling. An over-estimation of the K 77" kernel
background at low decay times also contributes for the K™K~ final state, a
systematic test for which is discussed in Section [9.4.8 However, the effect below
about 0.75 ps is still not well understood.

The asymmetry plots, as shown in Fig. for K~ 7", show that the fit model
describes the data well. This is only possible if the decay-time mismodelling of
the fit is the same for the D° and D° sub-datasets, and thus cancels in the final
calculation of Ap. A systematic uncertainty is assigned to quantify the degree
to which the effect cancels. An arbitrary decay-time offset that reproduces the
mismodelling in the K+ K~ final state is used to assess the systematic. The offset
is parameterised in terms of decay time and 330 toy data sets are generated and
compared with an equal number without the bias. The results for the measured

Ar and lifetime are shown in Table
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Table 9.7: Results of toy studies with and without the low decay-time offset for the

KT K™ final state. Shown are the relative biases, or the means of the pull distributions.

relative bias
no offset with offset
Arp 0.070 £+ 0.059 0.007 £ 0.059
T 0.301 + 0.059 0.121 £ 0.059

The relative bias is taken as the difference between the toy tests with and
without the bias. Scaling by the relevant statistical uncertainty, the systematic
associated to the KK~ final state for this effect is 0.03x10™% and for the 7 7~
final state is 0.05x107°. Further toy studies of this effect, which change the shape
of the effect by introducing a non-zero value of Ay were carried out, but no bias

was observed.

9.4.5 Random soft pion background

The background from D° candidates that are associated with a random soft pion
is assumed to follow a single exponential decay-time distribution. Naively, one
would expect this lifetime to reflect the lifetime of a CP eigenstate, i.e. about
407 fs. This however ignores potential correlations with other backgrounds that
have not been the focus of these studies. The lifetime parameter associated with
the random soft pion background is the parameter with the largest correlation
with the signal lifetime and therefore deserves closer attention.

Two tests are carried out to assess the size of potential systematic effects.
Since this background contains true D° candidates, its shape in m(D") is the
same as the signal peak in the default fit. In the first test the random soft pion
shape in m(DO) is made fully independent of the signal peak. The second test
parameterises the random soft pion lifetime as a multiple of the signal lifetime in
the fit. This multiplicative factor is allowed to float in the fit.

No statistically significant deviation is seen when comparing the test results
to the default values of Ap; nonetheless, a systematic is still assigned. The first
test yields a variation of 0.02x10™* for K™K~ and 0.01x10™* for 777 . The
variation in the second test is negligible for K*K ™~ and has a value of 0.03x107*
for 77 ~. Thus, the systematics assigned for KK~ and 77~ are 0.02x107°

and 0.03x107%, respectively.
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9.4.6 Turning point accuracy: shift and scaling of TP po-
sitions

Two tests assess potential inaccuracies in the determination of the position of the
acceptance TPs. One test is used to judge the impact of potential scale differences
between the measured decay time and that used to determine the TP position.
The second test assesses the impact of a constant bias to the TPs. As both tests
affect only the TPs and not the measured decay time of the event, they test a
worst case scenario in which a systematic effect is present only in the method of
determining the TPs.

In principle, no scale inaccuracy is expected for the TP positions as their
associated decay time is evaluated in the same way as the real measurement of the
decay time. Nevertheless, a scale factor of up to 1.0001 is applied to all turning
points to mimic unexpected effects. Similarly, constant offsets to the turning
points are not expected to occur through a particular mechanism. Again, their
impact is tested to assess the potential of unaccounted-for effects. The size of the
largest bias in the test is 0.005 mm on the position of each turning point. The
values used for these tests are motivated by studies of the TP resolutions.

For 777~ the turning point scale test gives a systematic of 0.02x107>, while
the other test gives a value of 0.002x107%. In KK~ the turning point bias
causes the largest variation leading to an uncertainty of 0.03x10™%, while the TP

scale test gives 0.01x107°.

9.4.7 Variation of decay-time resolution

The decay-time resolution is expected to have a negligible effect on the result
given the overall excellent resolution of the LHCb detector. The fit assumes a
fixed single Gaussian resolution with a width of 50 fs. This resolution is varied
from 30 fs to 100fs. In addition, a triple Gaussian resolution function, taken from
a study of BT — J/9K™" decays, is used to test the impact of a small number
of events that have much larger resolutions [82]. The values used are; o; = 32fs,
gy = 65fs, 03 = 380fs, with fractions f; = 0.714, f, = 0.282, and f; = 0.004,
respectively [82].

For both final states the variation of the single Gaussian resolution gives
a systematic uncertainty of 0.01 x 10™°. Using the triple Gaussian resolution

function has no significant systematic effect on the measured values of Ar.
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9.4.8 Specific backgrounds

The effect of wrongly accounting for specific backgrounds in the KK~ final
state is tested by changing the unbiased decay-time distribution for the specific
background components in the fit. This is usually calculated in an iterative manner
using a single exponential as the initial estimate, as presented in Section [8.8]

The test involves trialling different initial mean lifetimes in the exponential
PDEF. Three mean lifetimes are trialed for each background. The first two values
are taken from fits to simulation under various conditions, and the third is chosen
to be comparable to the mean value of the likelihood weighted decay-time data.
The chosen values are 550 fs, 740 fs and 1200 fs for the K~ 7 7 background and
520 fs, 860 fs and 1250 fs for the D .

The variations are applied together in pairs for the two channels (i.e. 550 fs
and 520 fs are applied together, 740 fs and 860 fs and so on). The alternate fit
configurations do not significantly change the value of Ap(K"K™). A systematic
uncertainty of 0.01x10™% is assigned from these tests.

A third test fixes the specific background fractions, P(K n"7°) and P(D]),
to plus and minus one of the standard deviation returned by the fit. The fractions
are reduced to values of 0.0253 and 0.004 for K 77’ and D, respectively, in
the first test and increased to 0.0287 and 0.0054 in the second test. The deviation
from the nominal result due to this test is entirely negligible.

The final test changes the initial kernel bandwidth used by scaling Eq.
by 0.75, 1.25 and 1.5. A systematic variation of 0.01 x 10 is observed but is not

significant.

9.4.9 Track reconstruction efficiency

The inefficiency of detecting tracks that originate far from the beamline is corrected
with a per-track correction that was discussed in Section and included in
the fit method in Section [8.6] This correction is not used in the default fit, but
is included to test for any systematic bias from ignoring the effect. The change
in the value of Ay due to including this correction is of the order of 10" for the
77w final state. Thus, no systematic is assigned for the track reconstruction

efficiency.
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9.5 Additional cross-checks

Number of turning points

As mentioned in Section R.5] the maximum number of TPs for a candidate is
restricted to two in order to keep the calculation of the acceptance PDFs manage-
able. Relatively few candidates are removed by this cut compared to the sample
sizes. To check that no bias is introduced, the fits were run with the maximum
number of turning points set to four. In this case two top hats were potentially
used in the normalisation of the decay time PDF, but the TP PDFs f(A), were
still restricted to a maximum of two TPs. The fit results were consistent with the

default value of Ap for K™K~ and 77,

Multiple candidates

Events with multiple true signal decays can occur but do so rarely. Most cases
of multiple candidates in a single event are due to several soft pion candidates
being associated with a single D° candidate. These are well separated using the
Am distribution. As mentioned previously, one candidate is chosen at random in
multiple candidate events. The impact of this selection is measured by using a
different random number generator seed. The correlation between these datasets
is the square root of the ratio of events shared between them. This is estimated
from the number of multiple candidate events in the dataset. For the 777~ final
state, the difference from the final result of this test and the nominal value, with
an uncorrelated error is (0.44 4 0.29) x 10™*. The probability of this difference
being a fluctuation is 13.4% and is deemed to be acceptable. No variation is seen
in the KK~ tests.

A second test removes all events with multiple candidates and reruns the
analysis. Many of the events in this test are shared with the default dataset so
the correlations are considered as in the previous test. No variation is seen in this

test for either final state.

Dataset splits

The internal consistency of the results is tested by splitting the datasets in various
ways. The data were split by: D° momentum and transverse momentum, the
pseudorapidity n and the angle ¢, the number of PVs in the event and the 1O
trigger decision (TIS/TOS and TOS/not TOS). One such split for D° transverse
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Figure 9.11: Variation of the blinded A results when splitting the 77~ (left) and the

KTK™ (right) data by D transverse momentum. The data points mark the centre of

each bin and the default value is shown with a red line.
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Figure 9.12: Variation of the blinded Ap results when splitting the 77~ (left) and the
K"K~ (right) data by DY ¢. The data points mark the centre of each bin and the

default value is shown with a red line.

momentum is shown in Fig. [0.11} All data splits show no variation in the value of
Ar, except the KK~ sample split by ¢ in which there is some deviation between
datasets. However, with a x? probability of 8% it is considered to be acceptable,
as shown in Fig. [9.12(right).

The data were also split by soft pion x7p, PIDu and PIDe. Again, no
inconsistencies were seen in these data splits. To check for possible effects of
correlation between random soft pion kinematics and decay time, the data are
split by the fiducial cut decision, which vetos soft pions that are too close to the
beamline or close to the outer edge of the detector fiducial volume. In theory this
should be accounted for by the swimming algorithm when determining the VELO

geometry acceptance, and included in the fit as part of the acceptance function.
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No variation is seen between the two samples.

A final split was done with the pions’ y7p for the 777~ final state.

inconsistency was seen in the results from these data samples.
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Chapter 10

Results and conclusions

10.1 Fit results

The fit projections for the 777~ sub-dataset with magnet polarity down, from
run block two and with D flavour, are shown for the first fit stage to m(D")
and Am in Fig. and for the second fit stage to decay-time and In(x3p) in
Fig. . The m(D°), Am and In(x3p(D°)) fits show an excellent fit quality,
which is an impressive achievement given the large number of events. The decay-
time projection has a discrepancy at low decay times for which systematics were
assigned in Section These fits are sufficient for the measurements of ratios
of effective lifetimes as shown by the cross-checks and systematic studies reported
in Chapter [9 Deviations between the data and the fits for D” and D° are very
similar leading to their cancellation in the final asymmetry calculations.

The fits for the KK~ final state with magnet polarity down, run block two
and D° flavour were shown in Figs. and . The fit quality is good, but again
there is a difference between the fit and the data at low decay times.

The asymmetry projections of the fit results, shown in Fig. for the 77~
and KT K~ final states, show that the asymmetries of the data are well modelled
in the fit. To measure the agreement of the fit and the data, the y* probability is
calculated. It is not clear what the number of degrees of freedom of this projection
of the final fit should be, so the number of bins in the asymmetry plot is used as
an estimate. This gives a probability of 94.7% for #t7~ and 61.4% for K™K ™.
For the K 7" final state the asymmetry projection was shown in Fig. , and
has a y? probability of 99.6%

The K~ 77 fits for the same sub-dataset are presented in Figs. and [10.5]
The fit quality is poor in all variables, which reflects the large size of the dataset.
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Despite these discrepancies the method yields the correct result for pseudo-Ar as
shown in Section [9.1]

The resulting fit parameters for the K™K~ final state fits can be found in
Tables [7.2 and [8.1] The corresponding tables for the 777~ and K™« final states
can be found in Appendix [B]

10.2 Ar results

Shown in Tables and are the values of 7(D°) and 7(D°) split by magnet
polarity and run block for both final states. Significant variation is seen in the
individual lifetimes, however, this does not affect the measured values of Ap in
the sub-datasets, as shown in Figs. and [10.7]

The final unblinded values of A are,

AR(KYK™) = (—0.0340.46 +0.10) x 107,
Ap(rF ) = ( 0.03£0.7940.16) x 107°,

where the first uncertainty is statistical and the second is systematic. Thus the
measured values for the two final states are found to be compatible with each

other and with zero, showing no evidence for CP violation.
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Figure 10.1: Fit projections of (left) m(D°) and (right) Am for the 777~ final state in

the magnet polarity down, run block two and D" flavour sub-dataset.
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Table 10.1: Measured values of T(DO) and T(EO), split by magnet polarity and run
block, for the K™K~ final state. The averages are weighted by the sample sizes.

MagDown
7(KTK™) [fs] | RunBlockl RunBlock2 RunBlock3
D’ 410.42 £ 0.77 | 413.25 £ 0.66 | 412.20 + 0.58
D’ 410.94 £ 0.78 | 413.54 £ 0.66 | 411.81 £ 0.58
Average 410.68 £ 0.55 | 413.40 £ 0.47 | 412.00 £+ 0.41
MagUp
7(KTK™) [fs] | RunBlockl RunBlock2 RunBlock3
D’ 410.38 £ 0.72 | 412.05 £ 0.57 | 413.82 £ 0.70
D’ 411.01 £ 0.71 | 412.27 £ 0.55 | 412.55 £ 0.69
Average 410.70 £ 0.50 | 412.16 £ 0.40 | 413.17 £+ 0.49

Table 10.2: Measured values of 7(D") and 7(D"), split by magnet polarity and run

block, for the 777~ final state. The averages are weighted by the sample sizes.

MagDown
7(r*77) [fs] | RunBlockl RunBlock?2 RunBlock3
D° 413.87 £ 1.33 | 414.14 £ 1.11 | 417.58 £ 1.02
D° 412.73 £ 1.33 | 414.56 + 1.11 | 414.02 £ 1.01
Average 413.30 £ 0.94 | 414.35 4+ 0.79 | 415.80 £ 0.72
MagUp
7(7*77) [fs] | RunBlockl RunBlock?2 RunBlock3
D’ 415.16 £ 1.30 | 413.23 £ 0.99 | 414.97 &+ 1.24
D° 415.54 £ 1.29 | 416.04 £ 0.98 | 416.15 £+ 1.23
Average 415.36 £ 0.92 | 414.66 £ 0.70 | 415.57 £ 0.87
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Figure 10.6: Measured values of Ap (7r+7rf), split by magnet polarity and run block.
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Figure 10.7: Measured values of Ap(K K 7), split by magnet polarity and run block.
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10.2.1 Combination

The results from this analysis are combined with those from the analysis of
2011 data [65] to obtain a result for the full LHCb Run 1 prompt data. Both
analyses measured the D° and D lifetimes in separate sub-datasets, using the
same analysis method. Therefore, a reanalysis of the 2011 data is not deemed
necessary and a statistical combination is made. The results from the analysis of
2010 data [64] were initially included, but are of such limited precision that they
did not change the overall result.

The measurements are combined by calculating the best linear unbiased
estimator [83]. The combinations are performed using the four input measurements,
one for each final state from each year of data taking. Their statistical uncertainties
are assumed to be uncorrelated, while the systematic uncertainties are considered
to be fully correlated. The actual correlation may not be 100% in all cases, but a
high correlation is certain given that the analysis method and underlying sources
of systematic uncertainty are shared. Systematic uncertainties assigned for the

correlations between variables and the low decay-time mismodelling, presented in

Sections [9.4.3| and [9.4.4] were not assessed in the 2011 analysis. These systematic

uncertainty values from 2012 are assigned directly to the 2011 measurements.
Overall, the relatively small impact of the systematic uncertainties on the final

result does not merit a more detailed treatment. The results are shown in

Table [10.3

The averaged values for both final states are,

ANKYK™) = (—0.1440.37+0.10) x 107,
Ap(rt7n7) = ( 0.14£0.63+0.15) x 107°.

Combining both final states yields,

Ap = (—0.07 £0.32 4 0.11) x 107°,
The difference between the final states is given by,

AApr = (0.28 £0.73 £0.18) x 1072,

where in this case the conservative assumption of no correlation between the
systematic uncertainties is assumed. All of these measurements are consistent

with zero, and thus show no evidence of CP violation.
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Figure 10.8: World average measurement of Ar, compiled by the heavy flavour averaging
group (HFLAV, formerly HFAG), from (left) the CHARM 2015 conference, before the
inclusion of the binned measurement of Ar and (right) the world average from the

CKM 2016 conference, which includes the binned measurement [6].

10.3 Conclusion

The measurement described here is one of the two best measurements of Ap that
has been made to-date. The other measurement, detailed in [66,67], uses the same
LHCb Run 1 dataset as is used in this work, but employs a binned fit method.
The method presented in this thesis is known as the “unbinned” method, while
the complimentary approach is the “binned” method. In the complimentary
method, the number of signal events is determined from fits to Am in bins of
decay-time. The asymmetry of the number of D" and D° events is calculated in
each decay-time bin. The slope of a linear fit to the asymmetry against decay-time
is then equal to —Ap. Acceptance effects, namely the charge detection asymmetry
of the soft pion, are removed with a reweighting procedure. This affects the
intercept of the linear fit to the asymmetry, but not the value of Ar. In the binned
method, a ln(XIQP) cut is applied at 2 to remove the majority of the secondary
events. A systematic is assigned to account for residual secondary contamination.

The resulting values of Ay for the two final states and the total average are,

Ap(KTK™) = (—0.30 £0.32 £ 0.10) x 1072,
Ap(nT ) = ( 0.46 £ 0.58 £0.12) x 1077,
Ap = (=0.13£0.28 4 0.10) x 107°.

(10.1)
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Figure 10.9: Fit of |¢/p| and ¢ := arg(q/p) using various measurements of CP observ-
ables, compiled by the heavy flavour averaging group (HFLAV, formerly HFAG), from
(left) the CHARM 2015 conference, before the inclusion of the binned measurement
of Ar and (right) the fit from the CKM 2016 conference, which includes the binned

measurement of Ar along with new measurements of other observables @]

Before unblinding either the binned or unbinned measurements, a data-driven
study was carried out to determine how correlated the results are. Using the
correlation, the difference between the two measurements was calculated to show
that both are in agreement. These tests are sufficient for roughly checking the
agreement of the two measurements, but are not sufficient for averaging the two
results. The gain in sensitivity from averaging the results is likely to be very small
and was therefore not considered to be beneficial.

The binned method is significantly simpler than the method presented in this
thesis, and yet produces more accurate measurements of Ar. This is due in part
to the large number of nuisance parameters in the unbinned method fits and the
relative complexity of including the swimming acceptance into the fit PDFs. The
reweighting procedure of the binned method, along with the ratio inherent to
calculating an asymmetry, are sufficient to remove acceptance effects. Similarly,
assigning a systematic for residual secondary contamination instead of attempting
to remove it with a fit, is sufficient for calculating Ar.

The world average measurements of Ap before and after including the binned
measurement are shown in Fig. [I0.8] It can be seen that the LHCb measurements
have the biggest effect on the world average. The most recent measurement with

the binned method supercedes some of the previous measurements and dominates
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the world average.

As seen in Eq. (2.52), the values of |¢/p| and ¢ depend on Ap. Shown in
Fig. [10.9 is the contour plot of |¢/p| against ¢ resulting from a fit to various
experimental measurements [6], before and after the inclusion of the binned
measurement of Ap, along with new measurements of other observables. The Ap
measurement does not have a large impact on the fit relative to other measurements,
but it does contribute to constraining |q/p|.

The binned method produces more accurate measurements of Ap, with a much
simpler analysis. However, it is unsuitable for measuring another important CP
observable from this dataset, denoted yp as in Eq. . This is due to the
different acceptance effects in the three relevant decay channels. The KTK ™,
7tr” and K~ 7" acceptances are not necessarily the same, thus the acceptance
effects are not guranteed to cancel in yop as they do in Ap. In theory the unbinned
method can deal with these acceptance differences; indeed, y-p has already been
measured with 2010 data using this method |64]. Further measurements of yop
with LHCDb data are underway; however, it is not yet clear from these studies if the
unbinned method can suficiently account for the different final state acceptances.
In Part [[II, new methods for directly measuring the D lifetime with a binned
approach are studied. The different acceptances of the final states will no longer

be an issue for y-p measurements if LHCb is able to directly measure lifetimes.
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Table 10.3: Combination of Ar measurements from 2011 and 2012 data and the decays D5 K"K and D’ — ntn.

Syst. Uncert. (x107%) Input Combinations

Year 11 11 12 12 11+12 11 +12 11 +12
Decay KTK~ atn” K"K~ ata K"K~ k. K"K +rn
Ap (x107%) —0.35 0.33 —0.03 0.03 —0.14 0.14 —0.07
correlations 0.02 0.07 0.02 0.07 0.02 0.07 0.03
specific backgrounds 0.02 0.00 0.01 0.00 0.01 0.00 0.01
secondary contamination 0.07 0.07 0.08 0.08 0.08 0.08 0.08
combinatoric background 0.02 0.04 0.02 0.10 0.02 0.08 0.03
turning point accuracy 0.09 0.11 0.03 0.02 0.05 0.05 0.05
random soft pion background 0.00 0.00 0.02 0.03 0.01 0.02 0.01
decay-time resolution 0.00 0.00 0.01 0.01 0.01 0.01 0.01
low decay-time mismodelling 0.03 0.05 0.03 0.05 0.03 0.05 0.03
total systematic 0.12 0.16 0.10 0.16 0.10 0.15 0.11
total statistical 0.62 1.06 0.46 0.79 0.37 0.63 0.32
Total 0.63 1.07 0.47 0.81 0.38 0.65 0.34
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Chapter 11
Overview

The method discussed in Part [II] for measuring charm lifetimes has a number
of impediments. The swimming algorithm used to remove lifetime biases in the
event selection is CPU intensive. As larger datasets are collected at LHCD it
will no longer be feasible to store and process each event with the swimming
algorithm. It is also clear that this method doesn’t fully account for one or both
of the decay-time acceptance and the secondary contamination, as shown by the
biased measurement of the D" lifetime in Part . This is not a problem for the
Ar measurement, as it is known that the bias cancels in the ratio of lifetimes, but
it does pose a problem for other CP violation measurements, such as ycp. This
observable requires the calculation of the ratio of lifetimes in different final states,
as discussed in Section [2.5] where the acceptances and backgrounds differ.

The complex fit procedure for these measurements requires the dedicated
efforts of a number of analysts for long periods of time. During this time LHCb
continues to collect more data. It is now the case that half of the LHCb dataset
has not yet been analysed, as so much time was spent analysing the first half.
The accuracy of many charm CP violation measurements are limited by statistical
uncertainties, thus the accuracy can be significantly increased by considering
all available data. Simplified analysis methods are required such that analysis
of the data can keep pace with the rate of data collection. Presented here are
potential methods for simplifying measurements of charm meson lifetimes using
new triggers that were specifically developed to reduce decay-time biases. As a
demonstration, a blinded measurement of the D® meson lifetime is presented that
is the second most sensitive determination to-date.

The Cabibbo favoured (CF) decay mode D° — K~ 7% is used to measure

the D° meson lifetime, where charge conjugation is assumed throughout. Its
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Table 11.1: Results for 7(D°) that contribute to the world average value. The errors

quoted are statistical and systematic uncertainties, respectively.

Collaboration Year Num. D° Candidates 7(D°) [fs ]
FOCUS [84] 2002 210,000 409.6 £ 1.1+ 15
SELEX [85] 2001 10,000 407.9 £6.0 £4.3
E791 [86] 1999 35,000 413 +£3+4
CLEO [87] 1999 25,000 408.5 +4.175%
E687 [8§] 1994 16,000 413 +£4+£3

high branching fraction of (3.89 + 0.04)% [9], results in ample measurement
statistics. A dataset collected by LHCb in 2016, with an integrated luminosity of
1.6fb™*, is used. The D" production decay D*t — D7 is used to give separation
between prompt and secondary D mesons, where secondary D° mesons are those
produced in a B meson or other long-lived particle decay. Such events result
in misreconstructed flight distances as the candidate D" mesons are assumed
to come directly from the primary interaction vertex (PV), and thus they have
wrongly measured decay times.

The first and main method presented in Chapters (12| to [14] removes events
with a requirement of ln(XIQp) > 1.6 to separate prompt D° decays from secondary
decays. This is the same strategy used by the binned Ar measurement, first
discussed in Section The data is split into eight bins of measured D’
decay time in the range [0.4,1.2] ps. The number of prompt signal events are
extracted from each decay-time bin via a binned maximum likelihood fit to the
mass difference Am = m(D*) — m(D°) after tight selection criteria are applied
to the D meson mass, m(D"). The final analysis step is a fit to the yield ratio
Ny /N,
in each decay-time bin ¢, and the denominator is the number of expected events
in each bin, given the PDG lifetime of (410.1 £ 1.5) fs [9]. An alternate method

for separating prompt and secondary decays uses machine learning algorithms

«pi» Where the numerator is the number of observed prompt signal events

instead of a In(x?p) selection requirement; this method is presented in Chapter

The current world average measurement of the D° lifetime is dominated by
the FOCUS collaboration measurement [84]. Charm mesons were produced in
the experiment with a 180 GeV photon beam incident on a beryllium oxide target.
Candidate particles were found by their characteristic secondary vertices and

the quantity f/o;, where f is the flight distance, is used to separate prompt
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and secondary decays. A binned maximum likelihood fit to the K~ 7" invariant
mass gives the prompt signal yields and a binned fit to these yields against decay
time returns the lifetime. The results of the FOCUS measurement along with
other measurements that contribute to the world average value are shown in
Table I1.1 The LHCb dataset used for this measurement contains about 14
million events such that the statistical uncertainty is significantly smaller than for
previous results. An LHCb measurement of 7(D°) has some disadvantages when
comparing to previous measurements, namely the challenging high energy collision
environment. This results in higher systematic uncertainties and a similar overall

accuracy.
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Chapter 12
Datasets and selection

The D candidate selection for this analysis is presented here, along with the new
Run 2 trigger lines that attempt to reduce decay-time biases. The backgrounds
contaminating the prompt signal decays are the same as those described for the
measurement of Ap in Chapter {4, However, no distinction is made in this analysis
between the combinatorial background and the random soft pion background.

They are collectively known as the “remaining” backgrounds throughout.

12.1 Decay-time unbiased selections

This section describes the online selections applied to the data to produce a
dataset of D°— K~ nt decays with minimal decay-time biases. Recall that the
trigger strategy of LHCD is considerably different in Run 2 compared to Run 1, as
was discussed in Section[3.2.4] The offline selection known as the “stripping” is not
performed for this analysis and the calibration, alignment, and PID information
are available to HLT?2 triggers.

It was learnt from Run 1 analyses of D° — K~ 7" and similar decays that the
Yip requirement used to reduce short-lived background near the PV resulted in
non-trivial decay-time biases, as was seen in Part [[I These requirements were
deemed to be necessary to reduce short-lived backgrounds to an acceptable level
in the trigger. Without such selection requirements the number of events passing
the trigger would have been unmanageable. A direct selection requirement on
decay-time in the trigger, which would trivially bias the decay-time, was not
possible in Run 1 as the online and offline measurements of the decay-time could
be significantly different. This difference in Run 1 is a consequence of different

alignments and calibrations being used in the online and the offline reconstruction
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Table 12.1: Decay-time unbiased HLT'1 trigger selection criteria.

Observable Selection requirement
Both D" daughter py > 600 MeV/c

Both D° daughter momentum > 4000 MeV/c¢

Both D° daughter track X?ndf <2

Largest D° daughter pp > 900 MeV/c

D" daughters’ DOCA < 0.1mm

D° mass range (1804, 1924] MeV/¢?
D° py > 1800 MeV/c

D° vertex fit X?ndf < 10

D° decay time > (0.25ps

D° PV DIRA > 0.99

algorithms. Due to the restructuring of the trigger in Run 2, and improvements in
reconstruction and measurement algorithms, the best measurements of the decay-
time are available to the HLT trigger. As a result, a simple selection requirement on
the decay-time can be made at the trigger stage to remove short-lived background
instead of relying on X%P requirements.

A series of special triggers were designed for Run 2 that produce samples of
various decays with minimal decay-time biases, known simply as “lifetime unbiased
triggers”. Fach one consists of a HLT1 trigger and a corresponding HLT2 trigger.
The relevant HLT1 trigger for this analysis is, Hlt1CalibTrackingKPi, which
is also described in reference [89]. As can be seen in Table [12.1] the selection
requirements applied in this new HLT1 trigger are more extensive than those
made in the Run 1 equivalent trigger of Table [5.1]

At HLT2 the candidates are required to be TOS with respect to the
H1t2CharmHadDstp2DOPip DO2KmPip LTUNBTurbo line. The selection and recon-
struction criteria for this trigger are more similar to the full offline reconstruction
of Run 1 than to the corresponding HLT2 selection requirements. Using this new
trigger format the RICH based PID selection is now available at the trigger level
in Run 2. The new HLT2 trigger selection requirements are shown in Table [12.2]
and can be contrasted to the Run 1 selection requirements of Tables and [5.3
Note also that the DIRA requirement with respect to the PV is loosened in the
new triggers, which reduces the low decay-time acceptance effect described in

Section [B.4]
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Table 12.2: Decay-time unbiased HLT?2 trigger selection criteria.

Observable Selection requirement
Both D° daughter pr > 800 MeV/c

Both D° daughter momentum > 1000 MeV/c
Largest D° daughter pr > 1200 MeV/c
Both D" daughter track X?ndf < 3.0

D° daughters’ DOCA < 0.1 mm

Kaon PIDK > 10

Pion PIDK <0

D° pr > 2.0GeV/c

D" vertex fit X?ndf < 10.0

D" PV flight distance X?ndf > 40.0

D PV DIRA > 0.99

D mass [1774,1954] MeV/c®
D° decay-time > (0.25 ps

Am [130, 160] MeV/¢”
D** vertex fit andf <25

m, vertex fit X?ndf <3

Ts P1 > 100 MeV/c

T, momentum > 1GeV/c

12.2 Offine selection

The offline requirements applied to the data are described here. Tighter selection
requirements than in the HLT are made around the m(D°) and Am peaks at
(1835, 1890] MeV/¢® and [139.5, 160] MeV/c?, respectively, to reduce the combinato-
rial and random soft pion sidebands. Tighter constraints are made on the quality
of the D** decay vertex by removing events with x> /nae > 15 and o, > 20 mm.

A requirement of a decay radius of less than 4 mm is applied to the D candidate
in order to reduce the level of candidates produced by material interactions in
the RF foil. The decay radius is defined as the radial distance between the D°
vertex and the associated PV.

Only events with one candidate PV are used in the analysis. This is to
remove events where the decay time is misreconstructed due to the candidate

being associated to the wrong PV. The number of PVs condition and the radial
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flight distance requirement can create upper decay-time acceptance effects. A
long-lived D° is more likely to be associated with the wrong vertex as it travels
further from the correct vertex. Similarly, the geometry of the VELO and track
finding algorithms can cause upper decay-time effects. As a result the candidate
decay-time range is restricted to be less than 1.2 ps, which precludes these effects.
A lower decay-time requirement of ¢ > 0.4 ps is applied to remove any potential

low decay-time biases.

12.3 Datasets and binning

The dataset has an integrated luminosity of 1.6fb™" and was collected by LHCb
in 2016. The polarity of the LHCb magnet during data taking is used to define
two sub-datasets, polarity up and polarity down. Before applying selection
requirements both the magnet polarity up and down samples contain about 50
million candidates. Table (2.3 shows the number of events in each of these
sub-datasets after offline selection.

The data is split into eight decay-time bins with their widths set according to
the PDG world average lifetime. The width of the first bin is fixed to be 50fs,
which is the decay-time resolution of LHCb, as was used in the analysis of Part
(see Section [8.6]). The width of the subsequent bins are chosen such that the
integral of an exponential decay with the PDG lifetime has the same value in
each bin. The last bin is defined by the maximum of the decay-time range and
does not have the same integral value as the other bins. As a consequence of
this scheme, if the real measured lifetime is equal to the PDG value then there
will be an equal number of prompt signal events in each bin, except the last bin.
Otherwise, the prompt signal data would have an approximate linear distribution

where the slope is related to the lifetime.

Table 12.3: Number of candidates (ng,,q) present for the magnet polarity up and down
sub-datasets after the offline selection has been applied but before the decay-time range
selection is applied. Also shown are the number of candidates after all online and offline

selection requirements have been applied.

Neana (Millions) | Before decay-time range selection  After all selections

polarity up 12.5 6.8

polarity down 13.0 7.1
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Due to a number of problems with LHCb Run 2 simulation, there are no
suitable full GEANT4 based simulation samples available for this analysis. Samples
generated under Run 1 conditions are used instead. These samples are made
with the beam conditions of 2012 data taking and the same reconstruction and
selection as in Part [l Specifically, the decay-time biasing selections of the trigger
and stripping are applied to these samples, resulting in several problems for the
studies to follow. Two distinct samples are used, one of true prompt events and
one of true secondary events. The prompt sample contains about 800k events

while the secondary sample contains 150k events.

12.4 Secondary background reduction

The method presented here is similar to the binned Ar measurement discussed in
Section . A selection requirement is applied to ln(X%p) to remove the majority
of secondary contamination and a systematic uncertainty is later assigned to
account for any residual contamination. The selection requirement value is chosen
by comparing Run 1 prompt and secondary simulation samples and choosing a
requirement that optimises the metric S/v/B where S is the number of prompt

signal events and B is the number of secondary background events in the simulation

E 4000
2 3500
3000
2500
2000

1500

1000

Ir?(xlzp (D) cut

Figure 12.1: Distribution of the separation metric S/v/B for prompt and secondary
simulated events against ln(XIQp) and assuming that secondary events are 10% of the
total number of signal events. The optimum occurs at a ln(x%p) selection requirement
of < 1.6.
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samples. The percentage of secondary decays present is not known, but must be
estimated from the data. The percentage of secondary events with respect to the
total number of signal events is assumed to be 10%, which is similar to the 7%
value observed in the analysis of Part [[IL The value is motivated by comparing
the distributions of ln(X%P) from the real data and the simulation samples then
scaling the relative fraction of the secondary sample until the distributions match.
The separation metric is shown in Fig. against In(x?p), where the optimum
selection requirement is found to be < 1.6. Table also shows the number of

events in the dataset after removing events with ln(x%p) > 1.6.
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Fit method

The next step of this analysis is to extract the number of prompt signal events in
bins of decay-time and fit to these decay-time bins to determine the D lifetime.
The Am observable is used to separate the prompt signal from the remaining
backgrounds. The fits to Am in bins of decay-time are detailed in Section [13.1]
while the fit to the number of prompt signal events across these bins is discussed

in Section 1321

13.1 Fits to Am

To extract the number of prompt signal events and remove the combinatorial and
random soft pion backgrounds, unbinned maximum likelihood fits are performed
to Am in each decay-time bin. The prompt signal component is modelled as a

Johnson SU along with two Gaussians. The Johnson SU is given by,

f(z) = U\/ﬁ\é/ﬁexp{—% (1/—i—5ln <z—|— 22—1—1))2}, (13.1)

where z = =¥, 1 is the most probable value, o characterises the width of the

distribution and v and ¢ influence the shape. The shape parameters are highly
correlated and are thus not independent. To solve this, the v parameter is fixed
in the fits to a value of 0.38 that was obtained from preliminary fits. All three
signal components share the same mean but have different widths. There are
two fractions that determine the relative size of each of the three components.
The fraction that determines the size of the second Gaussian relative to the other
Gaussian and the Johnson SU is fixed to 0.05 from preliminary fits. Thus there

are six free parameters in the description of the prompt signal component.
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Figure 13.1: Fits to the Am distributions of (left) magnet polarity up and (right) magnet
polarity down, to extract the number of prompt signal events. The fit components
are (blue) the total fit, (green) the prompt signal component and (dashed red) the
remaining backgrounds. The bottom frame in each plot shows the pull distribution, or

the difference between the total fit and the data, divided by the data uncertainty.

The remaining background component, which contains randomly assigned soft
pions and combinatorial background, is described with a single root exponential
PDF, as given by Eq. . The decay parameter cannot be well constrained
so is fixed to a large negative value such that it has no effect on the fit. The
threshold parameter is free to float near the value of the pion mass and the power
parameter is also free to float, thus giving two free parameters.

The Am fits for the second decay-time bin are shown in Fig. All of the

Am fits in each decay-time bin are shown in Appendix [C]

13.2 Lifetime fits

To construct the ratio Noyps ;/Nexp > the number of observed prompt events from the
Am fits are divided by the integral of a control exponential, fppo(t) = PRGN
in each bin. The control exponential distribution is normalised across the entire
decay-time range such that it contains the same number of events as the observed

data, ), Nops ;- Thus the value in each decay-time bin is given by,

N,

ti’max _1 _1 tmax
N:: = WNobs,i [/t fPDG(t)] [Z Nobs,i] [/t prG(t)} . (13.2)

1, min min
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where ¢; i, and ¢; .., denote the upper and lower decay-time limits of a bin.
The function used to fit the data is a ratio of the integrals of two exponential

functions within each bin,

fti,max 677&/7'

te .

Jaea(t) = 7 2——. (13.3)
];tr:“ax froa(t)

This function produces a series of steps such that it can be compared to the binned
distribution of the data. Once the binning scheme is chosen, the fit function has
a single parameter, 7, which is the D” meson lifetime.

The data is blinded to avoid analyst bias by using an unknown value of the
control lifetime. A new control lifetime is chosen at random from a normal
distribution with mean equal to the PDG value and width equal to the PDG
uncertainty of 1.5 ps. The same control lifetime is chosen for both magnet polarity
up and down sub-datasets such that the two samples are consistent. In this way,
the 7(D") value extracted from the fits is within about 2 x 1.5 ps from its PDG

value. The lifetime fits for both magnet polarity samples are shown in the next

chapter in Fig. [14.4]
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Results and systematic

uncertainties

14.1 Systematic uncertainties and cross-check

Cross-checks of the analysis and tests for systematic biases in the method are
presented here. The magnitude of each systematic effect and its source are shown in
Table Systematic effects are investigated using alternative fit configurations
and generated pseudo-experiments known as “toys”. In the following sections,
the sources of these systematic effects are discussed along with the two tests of
each effect that returned the largest systematic biases. For each effect, the larger
of the biases is taken as the systematic uncertainty.

The toys are generated with three component classes, prompt signal, secondary
background and a third component representing the remaining backgrounds. In
the Am observable, the prompt and secondary events are generated according to
the signal PDF from the Am fits to data, while the third component is generated
with the background component from the Am fits. The fit parameters from one
of the eight decay-time bins of the magnet polarity down sample are used to
generate the toy data.

The decay-time PDF of prompt signal is a single exponential with the PDG
world average lifetime central value of 410.1 fs, while the remaining background is
generated with a sum of two exponentials. The first exponential has a lifetime of
370 fs and the second has 150 fs with a relative fraction between these PDF's of
0.3, such that the first is dominant. These parameter values roughly reproduce
the decay-time distribution of this background as seen in data.

The distribution of ln(XIQp) is also generated such that the cut on this observable
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can be simulated. As only a cut on ln(x%p) is used in the analysis, the distributions
of the components in ln(XIQp) need not be modelled accurately in the toy samples.
The prompt signal In(xfp) component is generated with a smeared In(yjp) PDF
with parameters obtained from a fit to the Run 1 simulation. The secondary
component has a conditional 2D PDF in decay-time and ln(x%p) to simulate
the time dependence of In(xip). The form of this PDF is obtained from fits to
Run 1 simulation in bins of decay-time as described in Appendix[A.2] An arctan
decay-time dependence is used for the mean of the smeared In(xip) PDF, while
the tail parameters have no decay-time dependence.

The remaining background comprises of three components in real data, combi-
natorial background, and prompt and secondary random soft pion backgrounds.
The combinatorial background from real data has a wide distribution that peaks
at about 4 in ln(X%p), while the prompt and secondary random soft pion com-
ponents have the same shapes as prompt and secondary signal, respectively. As
a simplification these remaining background components are described in the
generated toys as a single Gaussian with mean at one and a width of 1.5, such that
the cut at a 1H(XI2P) value of 1.6 removes a reasonable portion of the remaining
background.

The secondary decay-time projection is a convolution of two exponentials plus
a third exponential, as was seen in the analysis of Part [[Il The parameters are
taken from fits of the secondary decay-time in the Run 1 simulation.

The three components of the toy data are generated such that the prompt
accounts for 58.5% of the total generated data, the secondary 6.5% and the
remaining background 35%. These percentages result in the signal component
(prompt plus secondary) containing 10% secondary contamination as required.
In total, 10 million events are generated, which is comparable to the number of
candidates in the real data.

A control toy test was done in which only the prompt signal component was
generated, to check the consistency of the method. The results of this control test
are shown in Table where the generated prompt lifetime was set to be £1o
and £20 of the PDG world average value. The generated pseudo-data for the
five samples of this test are fully correlated. Similarly, the samples shown in toy
tests to follow are also fully correlated. No significant bias is seen in the control
toy test, indicating that in the absence of backgrounds the method is not biasing
the result. As will be seen in the following sections, the addition of backgrounds

introduce large biases into the analysis method.
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Table 14.1: Summary of systematic uncertainties on the measurement of the D lifetime.

Effect Systematic bias [fs |
Secondary contamination +2.8
Kinematic splits +3.0
Remaining backgrounds +0.5
Total systematic uncertainty +4.1
Total statistical uncertainty +0.3

Table 14.2: Results of a series of control toy tests generated with a prompt component
only. In this test different prompt signal lifetimes were generated that were +10 or £20
from the PDG world average value of the DY lifetime. The first and second columns
give the generated and measured lifetime, respectively. The third column shows the
lifetime fit X2 and the final column shows the bias of the measured value with respect

to the generated value.

Cenerated 7(D°) [fs ] measured 7(D°) [fs] fit X?ndf bias [fs ]

407.10 407.13 = 0.34 8.5/7 0.03
408.60 408.64 = 0.34 8.2/7 0.04
410.10 410.09 £0.34 6.8/7 —0.01
411.60 411.65 £ 0.35 7.4)7 0.05
413.10 413.12 £0.35 7.5/7 0.02

14.1.1 Secondary contamination

Contamination of the prompt signal events by secondary D° decays gives a
large systematic bias to the analysis method, as was expected. This irreducible
background, which has a tail under the prompt signal peak in ln(x%P), is always
challenging to account for.

The largest systematic effects come from fitting toy datasets generated with
prompt and secondary components, as shown in Table [14.3] A bias is observed at
a level of 2.8 fs, with the full value assigned as a systematic uncertainty.

The variation of the bias with the generated D° lifetime, in a range of +20

around the PDG value, was tested. No strong dependence on the D° lifetime was
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Table 14.3: Results of a series of toy tests generated with prompt and secondary
components only. In this test different prompt signal lifetimes were generated that were
410 or £20 from the PDG world average value of the DY lifetime. The first and second
columns give the generated and measured lifetime, respectively. The third column
shows the lifetime fit X2 and the final column shows the bias of the measured value

with respect to the generated value.

Generated 7(D") [fs | measured 7(D°) [fs] fit andf bias [fs |

407.1 409.92 £ 0.36 12.9/7 2.82
408.6 411.39 £ 0.36 13.0/7 2.79
410.1 412.80 £ 0.36 12.2/7 2.70
411.6 414.35 £ 0.36 13.1/7 2.75
413.1 415.78 £ 0.36 13.2/7 2.68

observed, as also shown by Table [14.3]

These fits have worse X?ndf values than the control test results, which indicate
that the distributions are less likely to be lineaIEI. Such non-linear distributions
are characteristic of secondary contamination or acceptance effects.

Another test that returns the second largest systematic uncertainty is a series
of toys generated with prompt and secondary events only, where the secondary
fraction was varied. As expected, the bias to the measured lifetime increases with
increasing secondary fraction. The largest generated fraction was 0.10, resulting
in a bias of 2.70 fs.

A number of other tests were done that returned smaller systematic biases
than those described above. One such test was done with a simplified generated
secondary component in the toy data. A single exponential was used instead
of the combination of three exponentials. The lifetime parameter of the single
exponential, the fraction of the secondary component, and the prompt lifetime,
were all varied in a series of tests and all biases were found to be smaller than

those outlined above.

'The true distribution is a ratio of two exponentials, which is approximately linear in the

binning scheme used and thus referred to as “linear” throughout.
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14.1.2 Kinematic splits

To test for residual acceptance effects and background contamination, the datasets
are split into regions of D° momentum, D° transverse momentum, and pseudo-
rapidity. The data are split by D momentum, transverse momentum p; and
pseudorapidity, n. It is found that the measured lifetime depends strongly on these
observables as shown in Figs. to for momentum, transverse momentum
and pseudorapidity, respectively. Selection criteria of m(D°) € [1840, 1890] MeV/c”
and Am € [143, 148 MeV/c* are applied to the data to separate signal from com-
binatorial background and random soft pion background events. Similarly a cut
at IH(X%P) < 1 is used to select a sample with an enhanced fraction of prompt
signal and ln(x%p) > 2 is used to select a sample containing more secondary
background. There is contamination between the three samples, but they should
be sufficient for illustrating correlations. A linear fit to the profile of momentum
versus decay-time for prompt signal shows there is a significant negative slope,
indicating a small but significant dependence. For the other two components,
clear non-linear dependencies are evident in the figures. Similarly, the profile of
the decay-time against 1 has a small linear dependence for prompt signal and
significant non-linearities for the two background classes. The dependence on pp
is concerning as all three components have significant non-linear dependencies.

The effect of these correlations on the measured lifetime is assessed by split-
ting the data into bins of each of the three variables and running the analysis
on the sub-datasets. The data is split into three momentum bins defined by
[0, 37,53,1000] GeV/¢, such that each bin contains approximately the same num-
ber of events. Table [I4.4] shows the results of this test for the magnet up and
the magnet down sub-datasets and for all three momentum bins. A significantly
longer lifetime is measured in the first momentum bin.

The corresponding results from the p; split are shown in Table where
the most significant bias is due to the first bin and has a value of 3.0fs. The
missing value in the last p; bin is due to a poor lifetime fit andf value as the Am
fit of the last decay-time bin did not converge. The negative bias of the last bin
corresponds to the lower average lifetime of the prompt component in high pp
regions. The large positive bias in the low p; bin likely indicates a contamination
of secondary decays, which have a large positive decay-time bias in the low pp

region.

175



Chapter 14. Results and systematic uncertainties

§0.675 - I I 3
= 067
0.665 11 +
066 = )
0655F T
0.65F
0.645 E_ - Fit
064F-
osasf- — Profile
063 1

t[ps]

R T
50 100 150
Momentum [GeV/c]

t [ps]
Events
t [ps]

50 00 150 50 100 150
Momentum [GeV/c] Momentum [GeV/c]

Figure 14.1: Data distributions of momentum against decay-time overlaid with (red
points) the profile of decay-time in bins of momentum. All four plots contain data with
various selection requirements applied to m(DO), Am and 1n(x%P), to select enriched
samples of (top left and top right) prompt signal, (bottom left) secondary background
and (bottom right) remaining backgrounds. A linear fit to the prompt sample profile (top
right) shows that the prompt sample has a small but significant momentum dependence.

The two backgrounds have clear non-linear momentum dependencies.

Table 14.4: Results of running the analysis method on sub-datasets made by splitting
the data into three bins of D momentum. The bias is the difference between the

average measured value and the default fit result of 410.0fs.

Momentum ranges [ GeV/c |
7(D°) [fs ] 0-37 37-53 531000
magnet up 4125+ 0.8 410.24+0.7 409.5+0.6
magnet down | 412.7+ 0.8 408.5+ 0.7 408.8+0.6
average 412.6 £0.6 409.3+0.5 409.2+04
bias 2.6 —0.7 —0.8
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Figure 14.2: Data distributions of transverse momentum against decay-time overlaid
with (red points) the profile of decay-time in bins of transverse momentum. All three
plots contain data with various cuts applied to m(D"), Am and ln(x%p), to select
enriched samples of (top) prompt signal, (bottom left) secondary and (bottom right)
remaining backgrounds. All thee components have clear non-linear dependencies against

transverse momentum.

Table 14.5: Results of running the analysis method on sub-datasets made by splitting
the data into three bins of D transverse momentum. The bias is the difference between

the average measured value and the default fit result of 410.0 fs.

pr ranges [GeV/c |

(D) [fs ] 0-4.5 4.5-7 79999
magnet up 413.2£0.7 409.5+0.8 407.6+£0.9
magnet down | 412.8 0.7 410.3 £ 0.8 -
average 413.0+0.5 409.9+0.5 407.6+0.9
bias 3.0 —0.1 —24
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Figure 14.3: Data distributions of pseudorapidity against decay-time overlaid with (red
points) the profile of decay-time in bins of pseudorapidity. All three plots contain data
with various cuts applied to m(DO), Am and ln(x%p), to select enriched samples of (top)

prompt signal, (bottom left) secondary and (bottom right) remaining backgrounds.

The origin of these biases to the prompt decay-time is largely unknown.
They may be a result of background contamination, where the decay-time of
the backgrounds themselves have kinematic dependencies. Or it may also be
due to decay-time acceptance effects created by the selection criteria. The most
likely explanation is that the tight selection requirement of In(xip) < 1, used to
separate prompt and secondary decays in the tests of this section, introduce a
decay-time bias. These tests should be carried out with samples of simulated data
to which decay-time biasing selection criteria have not been applied. However,
such samples do not yet exist for Run 2. In the absence of a clear explanation,
the largest of these biases from the first transverse momentum bin is assigned as
an additional systematic uncertainty. It is likely that this assigned systematic is
double counting the systematic effects caused by the backgrounds, but it is not
clear to what extent this is the case. A conservative approach is favoured when
assigning systematics to this measurement feasibility study.

The same tests were done with D" n splits of [1.5,3,3.4,5]. In that case no

significant bias was observed.
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14.1.3 Remaining backgrounds

The remaining backgrounds are those from combinatorial and random soft pion
events. The systematic uncertainty due to modelling the remaining backgrounds is
assigned from the bias in a toy test generated without the secondary background
and where the fraction of these remaining backgrounds is varied. The fraction of
this background after applying the In(xfp) cut, varies in the data from about 32%
in the lowest decay-time bin to 28% in the last bin. The results of this test are
shown in Table [14.6] The largest bias of 0.50 fs comes from the test in which 40%
of the generated data is from these backgrounds, and is assigned as the systematic
uncertainty.

The test that gave the second largest systematic effect was one in which an
alternate fit PDF was used for the remaining background component in the Am
fits. Two root exponential PDFs, first introduced in Eq. , are used instead
of one as in the default. The decay parameters of both components are fixed
to extreme negative values such that they play no role in the PDFs. A fraction
describing the relative size of the two components is allowed to float in the fit.
The power parameter of the smaller component fitted to a value of approximately
5.3 in preliminary fits, but was fixed to that value in the final fits to improve
stability. The Am fit quality is not significantly changed by the addition of
the new background component, which has a fraction of approximately 0.2 with

respect to the first background component in the final fits. The averaged value

Table 14.6: Results of a series of toy tests generated with different remaining background
fractions. The first column shows the remaining background fraction, while the second
column shows the measured lifetime. The third column shows the lifetime fit Xandf and
the last column shows the bias of the measured lifetime with respect to the generated
lifetime, which is the PDG value of 410.1 fs.

Background [%] measured 7(D°) [fs] fit Xindf bias [fs |

25 409.7 £ 0.47 9.5/8 —-0.4
35 409.8 +0.53 10.7/8 -0.3
40 410.6 £ 0.57 7.4/8 0.5
45 410.3 £ 0.61 7.2/8 0.2
50 410.5 £ 0.67 7.8/8 0.4
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from the lifetime fits for this alternate model is (410.4 4 0.3) fs giving a change in
the result of 0.4 fs.

Further tests of the systematic effect of these backgrounds were done using the
PDF of Eq. for the background component in the Am fits, using an alternate
signal Am PDF, and by generating further toys while varying the prompt lifetime.

These tests gave rise to smaller biases than those already discussed.

14.1.4 Acceptance systematics

As evidenced by the dataset splits, it is not yet clear if the prompt decay-time
is unbiased by the selection criteria. To check the magnitude of any decay-
time acceptance effects, the analysis method must be repeated with a suitable
Run 2 simulation sample, which has the same reconstruction and selection as the
2016 data. With a large simulation sample the decay-time acceptance can be
determined and if necessary a correction applied to each bin to account for the
effect. This method has the disadvantage that the uncertainty on the final result
will be dependent on the statistics of the simulation sample used to determine
the correction.

The track finding efficiency of the VELO sub-detector, first discussed in Sec-
tion [8.3.3] has yet to be determined for 2016 data. Similarly, the upper decay-time
acceptance limit arising from the VELO geometry has not yet been investigated.
These effects would be accounted for in any correction determined from simulation.
However, differences in the number of tracks seen in simulation and real data
mean that more reliable results can be obtained using data driven methods and
considering each effect separately. These effects create upper acceptance limits
at longer decay-times and thus they are unlikely to affect D° candidates in the
[0.4,1.2] ps range used in this analysis method.

On the basis of the previous studies in Part [T, the largest systematic effects
have likely been accounted for in this analysis. However, a full investigation of
the outstanding systematic effects is required before this measurement can be
unblinded.

14.2 Results

Shown in Fig. are the lifetime fits to the magnet polarity up and down
sub-datasets, respectively. Poor fit X?de values would indicate non-linearity

in the lifetime fits, which would suggest a problem with the analysis such as
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Figure 14.4: Lifetime fits to the (left) magnet polarity up sub-dataset and (right) the
polarity down sub-dataset. Shown are (black points) the number of observed events
divided by the number of expected events and (red line) the fit function, along with the
extracted values of the lifetime parameter and the fit X?ndf. The horizontal data error

bars represent the bin widths.

significant secondary contamination or an acceptance effect. Both fits return
good Xindf values and blinded lifetime values that are within the expected range,
demonstrating that the analysis is not significantly affected. The average value of

the blinded lifetime parameter is given by,
7(D°) = (410.0 £ 0.3 + 4.1) fs, (14.1)

where the magnet polarity up and down results are weighted using the number of
D candidates in each sub-dataset. The magnet polarity samples are compatible
at the level of 1.40. The sensitivity achieved by this blinded measurement is the
second best for this quantity to-date.

The systematic uncertainty on this measurement could be reduced with a
clearer understanding of the decay-time dependence on kinematic observables of
the data. As discussed, these effects may be caused by background contamination
or residual decay-time acceptance effects. Using a suitable simulation sample to
check for acceptance effects from the event selection and if necessary correct for

them, is the next step for this analysis method.
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Chapter 15

Additional methods for

secondary separation

Machine learning algorithms (MLAs) may have potential for separating prompt
and secondary background events, beyond the ln(xfp) requirements used in the
previous chapters. A good separation between these classes can be achieved when
MLAs are given a number of input variables, each of which has only modest class
separation capability. However, these MLA methods can introduce decay-time
biases as well as biases to other important variables such as Am. Biases to Am
should be avoided as this variable is used to separate signal events from the
remaining background events. It is necessary to construct an MLA that separates
the prompt and secondary classes while also maintaining a flat selection efficiency
against ¢t and Am.

Section introduces “decision trees” (DTs), the base classifiers used in the
MLASs presented here. Section introduces the concept of “boosting”, while
Section describes the “uniform” MLAs that are investigated in this chapter.
Due to the lack of Run 2 GEANT4 based simulation samples, the MLAs presented
here have not been trained with ideal samples. Instead in Section [I5.4) Run 1
simulation is used to train the MLAs and the effect of one of these classifying
algorithms on 2016 data is briefly studied.

Presented in Section[15.5 are additional observables that measure the “isolation”
of the prompt signal decay in an event. Secondary decays may be distinguishable
from prompt decays by the presence of extra tracks coming from the decay of the
B meson. The isolation observables studied in this chapter attempt to separate
prompt and secondary events by considering observables that depend on extra
tracks in the event, near the signal tracks. The use of these observables in uniform

MLAs improves the performance of the algorithms.
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15.1 Decision trees

A decision tree [70] consists of a series of nodes, each of which has a binary
split based on some criterion of the data. All events in a dataset start in the
“root” node of the tree. The events are then split into two sub nodes based on
the decision of some requirement, In(xfp(D°)) < 2 for example. The data in
each of these sub nodes is then further split based on the requirements of those
nodes, which are not necessarily the same. This continues until the data are in
one of the “terminal nodes”. Each terminal node has an associated signal or
background probability and thus the events ending in that terminal node are
classified accordingly. In this way, the DT splits a multidimensional space of data
features into various rectangular volumes.

The values of the requirements and the features used at each node, often
collectively known as the weights, a, are determined by “training” the DT with
data samples of known class. The weights are chosen to minimise the impurity,
given by,

1
N(anl(X7y7a’) +n2G2(X7yva’>)a (151)

where N is the total number of events in this node, n; is the number of events at
daughter node j, given the current weights, X is the array of data features, y
is the vector of known class labels (1 = signal, 0 = background) corresponding
to the events in X, and G| is the impurity function at daughter node j. The
impurity function is typically given by the “Gini impurity” [70],

where p; ; is the fraction of the number of events of class k, in node j. A terminal
node is formed when one of the daughter nodes satisfies some criterion, usually
when a user defined maximum node depth is reached, or the Gini index is zero.
The criterion could also be based on a user defined minimum number of events in
the node. The signal probability of each terminal node is determined from the
fraction of training events in that node which are signal.

DTs have many flaws, such as their propensity for overtraining and the
simplicity of the boundary they construct between signal and background in
the multidimensional space of the data features. In most situations, simple
rectangular selections are not sufficient to separate classes. For these reasons they
are considered “weak classifiers”. As discussed in the next section, these classifiers

only become powerful tools when multiple DT's are used in an ensemble.
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15.2 Boosting and gradient boosting

Y

The technique of “boosting” [70,/90] involves first training a single “base classifier’
ho(x, ay), where x is a set of values of the input features, the same length as the
array of training input features in X. The function hy(x, ay) is Continuouﬂ for
all x and its weights depend on the training data X and y. A series of classi-
fiers (hy,...,hy), is then constructed where the per-event weights of incorrectly
classified training events are increased for each new classifier. In this way the
incorrectly identified events from the preceding classifiers are more likely to be
correctly identified by the next classifiers. The final “boosted” classifier is a linear

combination of the base classifiers,

M
Hy (@, 0, ... 00, G, -, G) = Y o h(T,ay,), (15.3)

m=0
where {aqg,...,a,,} are the linear coefficients of the ensemble that are deter-

mined by some loss function, L(y, H);). One example of this type of MLA is
the “adaptive boost” (AdaBoost) algorithm [91]. The per-event weights of the
misidentified events are multiplied by el@m=1) hefore training base classifier m,

and an exponential loss function gives the ensemble coefficients as,

a,, = In <1g—5m—1> , (15.4)

m—1
where §,,_; is the fraction of misidentified events in the previous classifier.

The idea behind “gradient” boosting [92,93] is to treat the base classifiers as
vectors in some space, determine the gradient of the loss function in this space
and move along this direction to find the minimum of the loss function. In this
way gradient boosting is analogous to the steepest descent numerical minimisation
method and thus allows any differentiable loss function to be used for boosting.

The set of gradients of the loss function in this space is given by,

gnia) = { Tt Mg, @) (59)

where the x; denote the individual sets of input features for each of the IV training
data events in X . These gradients are only determined for each of the i training
events, so a new classifier is constructed that best fits the direction defined by

the negative gradient, —g,,.

1 . . .
Or piece-wise continuous
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What does fitting the new DT to a negative gradient in function space require
in practice? The predictions of the new DT for each training event must match
the components of the negative gradient so that when they are added to the
ensemble, the total prediction of all events move towards the true predicted value.
As an example consider an event with input feature values, x;, with true class
label y; = 1 (signal) that has a prediction of hg(x;) = 0.75 from the zeroth DT.
If a least squares loss function is used, the next DT in the ensemble aims to add
(1 —0.75) to the prediction of the ensemble. Thus the new prediction that the
DT must target for this event is h(x;) = 0.25. In this case 0.25 is the negative
gradient of the loss function evaluated for training event ;. If h; under performs
for this event and only returns 0.1 say, then the next DT must target a prediction
of hy(x;) = 0.25 — 0.1. In this way, the direction of the new DT in function
space matches closely to the direction of the negative gradient. So in practice, the
new DT is fitted to the direction of the negative gradient by using the negative
gradients as the true prediction (y;) for each event, which are input to the new
DT when training.

The true labels y are included in the loss function, thus the negative gradients
encode the y; information and are called “pseudo-responses” in the literature.
The new DT, with weights determined using the pseudo-responses, is the next
element in the ensemble, h,,(x,a,,).

Note that in the case of gradient boosting there are no ensemble coefficients
Q,,, So the total classifier is just the sum of the individual classifiers. A “learning
rate” parameter can be given to the algorithm that scales the prediction from
each DT by a fixed amount. This effectively scales the step size in the direction
of the negative gradient. It determines how fast the classifier moves towards
the minimum, and how much influence a single classifier can have on the total

prediction.

15.3 Uniform boosting

An MLA that separates component classes while keeping a flat efficiency against
user defined “special features” is called a “uniform” MLA. The special features
used in the analyses to follow are the D° decay-time, ¢ and the mass difference
Am. The MLAs presented here are based on either boosted decision trees (BDTs)
or gradient BDTs (GBDTs), introduced in previous sections.

The loss functions used with gradient boosting for this analysis are modified
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so that the resulting MLAs have uniform efficiencies against the chosen special
features. The technique for building uniform GBDTs is to use a linear combination
of two loss functions,

L= Lseparation + CLuniformity' (156)

In this way, the loss function separates classes but also penalises the total function
for non-uniform responses, where the “uniformity coefficient” ¢, controls the
trade-off between separation and uniformity.

The two uniform GBDTs used in this analysis are uGB+knnFL and
uGB+binFL [94], for which the AdalLoss function,

Mz

LAda X Y, T eXp ))7 (157)

i=1
is used for separation. Here X is the array of training data events and input
features. The symbol x denotes a set of values of input features and with an
index subscript ¢ it denotes one of the IV training data events, for which the class
label y; is known. The function r := r(x) = H,, ;(x) (see Eq. (15.3)) is the
response of the total MLA ensemble from the previous boosting step, defined for
all possible sets of input values . The uniform component of the loss function
for uGB+binFL is constructed by first binning the special uniform features into b
bins. If the distribution of the classifier response in each bin, f,(r), is the same
as the global response distribution, f(r), then any selection requirement on the
response will not bias the uniform features. A loss function is constructed by

comparing these distributions, namely their cumulative distributions, F(r),

LblnFL Zwb/ ‘Fb | d?”

where w, is the fraction of signal events in bin b. In this way, the difference
between the binned distributions of the response and the total distribution of the
response is minimised when minimising the total loss function, L.

The second MLA of this type, uGB+knnFL uses the same uniformity loss
function but the binned classifier response is replaced with the k nearest neighbours
(knn) response. The knn events in the space of special features are grouped
together and their response is compared to the total response. In this case the
bin weight is replaced with the fraction of signal events in the knn sample.

The BDT approach to uniformity is to update the per-event training weights
for each new boost to ensure uniformity. Events in regions where the efficiency is

greater(less) than the mean are given smaller(larger) weights. The usual boosting
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weights are multiplied by a uniformity weight, b’in = ! bl The algorithm of
this type considered for this analysis is uBoost described in [95], which uses the
AdaBoost [91] loss function to determine the classification boosting weight. The
uniformity boosting weight, u’,, is determined from minimising a loss function
constructed from the difference between the mean efficiency €, given some response
requirement, and the local efficiency €', for event i calculated from its knn sample.
Hence this must be calculated for many different requirements on the classifier

response.

15.4 Training

When training an MLA, a sample of signal and background data is supplied.
Those samples are split into two groups. The first group is used to train the MLA,
while the second statistically independent “test” group is used to evaluate the
performance of the algorithm. The figures shown in this section are produced
with the testing group, unless stated otherwise.

The prompt and secondary Run 1 simulation samples described in Section [12.3]
are used here to train the algorithms as a demonstration because more suitable
samples are not available. This simulation contains significant decay-time biases
due to the selection criteria used. Thus the correlations between the input features
and the special features will be different in the training data and the real 2016
data. As a result, an MLA that produces a flat efficiency in the special features
of this simulated data is unlikely to produce a flat efficiency in the real 2016 data.
Consequently, the results shown here can only be taken as a proof of principle.
The decay-time biases are smaller in the Run 2 dataset than in Run 1 simulation,
and so the aim of keeping the efficiency of the special features flat with respect to
the MLA response is more difficult in the Run 1 simulation used here.

Two uniform MLAs were considered in these studies, uGB-+knnFL and
uGB+binFL. The uBoost algorithm was also considered, but found to have
reduced performance for this use case. None of the MLAs investigated successfully
produced flat efficiencies in the special features, ¢ and Am. However, flat efficien-
cies were achieved by using additional parameters, as described in Section [15.5]
Of all the MLAs investigated here the best performing one was the uGB+knnFL
algorithm with the uniformity coefficient, ¢ = 2 and 300 trees in the boosted
ensemble.

All algorithms have a max depth of 4, which is the maximum number of nodes

between the root and any terminal node of a DT. It was found that lower values
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Figure 15.1: Overtraining X2 test for the best MLA showing the MLA response for the
signal and background, training and testing Run 1 simulation samples. Shown are the
(filled) training data group and (points) the testing group for (red) the background
sample and (blue) the signal sample. The XQ test indicates that the distributions are

consistent and thus there is no overtraining.

of this parameter result in larger biases of the special features while higher values
result in overtraining. Overtraining results when the MLA learns to separate
the signal and background samples by their statistical fluctuations, and thus has
a good performance on those samples, but performs inefficiently on real data.
This usually happens when the MLA has too many constituent trees. To test for
overtraining a x> test comparing the MLA response from the training sample and
the testing sample is performed such that a poor y value indicates overtraining,
Fig. shows the overtraining x> test for the best MLA indicating that the
MLA is not overtrained.

The number of trees used in these studies is 100 or 300. Trials with less than
100 trees were found to be sub-optimal, while MLAs with more than 300 trees
gave no improvement in performance, but significantly increased the amount of
time needed for training. The number of trees and the performance of the MLA

are closely related to the learning rate (see Section [15.2)). Decreasing the learning
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rate while keeping the number of trees fixed has the same effect on performance
as reducing the number of trees. A value of 0.1 was chosen for the learning rate.
Using 0.5 as a trial made little difference to the performance or the uniformity of
the resulting MLAs.

The final parameter to be set is the uniformity coefficient, ¢. As can be
expected, small values of ¢ (below 0.05) result in MLAs with performance compa-
rable to non-uniform MLAs. Values been 0.7 and 5 were investigated for these
studies. Low values near 0.7 had reduced performance from non-uniform MLAs
and didn’t significantly change the uniformity of the special features. High values
above 3 were very successful at removing biases in one of the special features,
namely decay-time, but introduced biases into the other feature, Am. The Am
biases in the training data are larger than the decay-time biases, which may be the
cause of this effect. It was found that ¢ values of about 2 or 2.5 are a compromise
between good performance and uniformity, without introducing Am biases.

Shown in Table are the feature importances of the input observables,
which indicate the importance of a feature for separating the classes and keeping
the special feature efficiencies flat. This metric is calculated from the Gini index of
every node where a certain feature is used. It is thus a measure of the separation
of the two training classes given the selection requirements used at each node in
the trained MLA. As the uniform MLAs disfavour features that bias the special
features, those that create biases have their importances reduced. The dist(D")
observable is the z distance between the PV and the D* decay vertex. For prompt
events these should be the same vertex and dist(D”) should be a resolution
function. For secondary events the two vertices are not the same due to the
intermediate B meson track, and the observable is a resolution function plus some
long positive tail. The Ampyp observable is constructed with the decay tree fitter
(DTF) algorithm [96], which applies constraints to the variables when fitting the
tracks and the vertices in a chain of decays. The D mass is constrained to the
PDG value and the daughter tracks are constrained to exactly coincide with the
D° decay vertex. Thus the D decay vertex has no uncertainty and the resolution
of observables such as Am is reduced. The observable Amprp is the difference
between the D* mass with and without these constraints.

The efficiency of the special features with various selection requirements applied
to the best MLA response are shown in Fig. [I[5.2 Choosing a value of the MLA
response, such that events below the value are not considered, is equivalent to

choosing a signal efficiency. Similarly, a chosen signal efficiency can be associated
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Table 15.1: Feature importances of the best performing MLA, which used the
uGB+knnFL algorithm with a flatness coefficient of 2 and 300 trees. Here FD is
the flight distance.

Observable  Importance
In(xip(D")) 0.30
In(TP(D")) 0.18
In(xip(D")) 0.13
n(Ep(DY)  0.10

Amprp 0.06
In(xip(D°)) 0.05
dist(D*) 0.05
In(IP(7,)) 0.04
In(FD(D")) 0.04
In(xip(,)) 0.02
In(FD(D")) 0.02
DIRA D* 0.01

with a selection requirement on the MLA response as shown in the figure legends.
Events with an MLA response value greater than 0.7070 are chosen, which gives
a signal efficiency of about 10%. As mentioned, this MLA is not able to flatten
the efficiency of the special features.

The effectiveness of an MLA at separating the signal and background classes
is determined from a receiver operating characteristic (ROC) curve, which in this
case is simply the signal efficiency against the background rejection efficiency. In
this analysis the percentage of secondary contamination must be as low as possible
to reduce systematic biases to the lifetime. For this reason, extreme selection
requirements must be applied to the MLA response. Fig. (left) shows a zoom
of the ROC curve for the best MLA, in the region of interest where most of the
secondary background can be removed. Choosing 10% signal efficiency gives a
secondary background rejection of 98.5%, which is a 10 : 1 reduction in the signal
and a 66 : 1 reduction in the secondary contamination. The scale of this reduction
is considered to be sufficient for reducing systematic biases from secondary decay

contamination.
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to check for uniformity, showing that this MLA does not succeed in flattening the

efficiency.
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comparison of the MLA response for real 2016 data and Run 1 simulation.
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The MLA responses of the best MLA and the real 2016 data are shown
in Fig. [15.3(right). Both the signal and background responses of the testing
data are shown along with the data, with and without requirements to select
a relatively pure sample of prompt signal decays (selection requirements were
applied on m(D’), Am and In(xip)). As is to be expected, the samples used for
training and the real data have very different responses when classified by the
MLA. The residual secondary contamination after applying an MLA response
requirement can be estimated from the ROC curve. However, the peak positions
of the MLA response for the data (red line) and prompt signal simulation (blue
dashed line) are different. Therefore, if an MLA response requirement is applied
to the data, the residual secondary contamination in the data will be different
from that estimated from the ROC curve. This is due to the significantly different
acceptance effects and feature correlations between the real 2016 data and the
Run 1 simulations, and by consequence, makes the MLLAs shown here unsuitable

for 2016 data analyses.

15.5 Decay chain isolation

This section introduces observables that measure the “isolation” of the prompt
signal decay from other tracks in the event, and uses them to improve the uniform
MLAs of the previous section.

As mentioned in Section [3.2.4] the turbo trigger lines only contain information
about the signal tracks in an event. Thus, the information needed to construct
isolation observables is not present in the Run 2 data considered in the previous
chapters. Instead, samples of D" — K~ 7" Run 1 simulation are used, which are
similar to those used in the A analysis of Part [T A Run1 data sample with
the same selection as in Part [[Ilis also used to illustrate the distribution of the
isolation observables in real data. In the data sample the D° comes from the
tagging decay D*" — Dz, which can give some separation between prompt and
secondary events. Hard PID requirements of PIDK > 5 for the daughter kaon,
and PIDK < —5 for the pion, are applied. The number of D" candidates in each
event is restricted to be one, and the lifetime must lie in the range [0.25, 10] ps.
In addition to these requirements, the m(D°) and Am of the data must lie
in the ranges [1860, 1890] MeV/c® and [143, 147] MeV/c?, respectively, to reduce
combinatorial and random soft pion backgrounds. The total number of events
in each sample is 811,000 for the prompt simulation, 173,000 for the secondary
simulation and 927,000 for the data.
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Figure 15.4: Observables constructed from the isolation cones described in the text.
Shown are the normalised distributions of (top left) the pp asymmetry between the D’
and the isolation cone constructed around it, (top right) the py asymmetry between the
D™ and the isolation cone constructed around it and (bottom) the multiplicity of the
DY isolation cone. The colours represent (green) the prompt simulation sample, (red)

the secondary simulation sample and (black) the data sample.

Isolation observables

Isolation observables constructed from a cone surrounding the signal track are the
first group of observables considered E| The momentum direction of the mother
particle of the decay is compared to the momentum direction of every other
particle in the event, excluding the other tracks that form the signal decay. In the
case studied here the mother particle is either the D* or D". The n and ¢ angle
differences, An and A¢, between the mother particle momentum and a candidate

track are calculated. If the candidate satisfies the relation,

\AY® + An? < Ar, (15.8)

then its momentum is added to the cone surrounding the mother particle. The

Ar criterion is defined by the user. It was found that Ar = 0.5 gave the best

These observables are calculated using the DaVinci tool TupleToolConeIsolation
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Figure 15.5: Observables constructed from the adding of extra tracks to vertices as
described in the text. Shown are the normalised distributions of (top left) the natural
logarithm of the two extra track mass for the DY vertex, (top right) the natural logarithm
of the one track minimum X2 difference, (bottom left) the multiplicity range as described
in the text, and (bottom right) the two extra track mass for the D* vertex. The colours
represent (green) the prompt simulation sample, (red) the secondary simulation sample

and (black) the data sample.

separation between prompt and secondary in the observables considered. Cone
sizes of 0.25 to 3 in step sizes of 0.25 were also considered. Only cones consisting
of charged tracks were considered, as cones filled with neutral particle tracks did
not show significant separation between simulated prompt and secondary events.

Three of these cone isolation variables have significant differences in simulated
prompt and secondary events. These are the p, asymmetry between the mother
particle and the resulting isolation cone for both the D" and the D*, and the
multiplicity of the D" isolation cone. Fig. shows the distributions of the
simulation samples and the data in these variables.

The second group of observables considered are vertex isolation observablesﬁ.
These are constructed by adding extra tracks to the vertex fits and comparing

the fit v before and after. The “one track” observable, A7, is the y* difference

3These observables are calculated using the DaVinci tool TupleToolVtxIsoln

195



Chapter 15. Additional methods for secondary separation

Table 15.2: Feature importances of control ML As without isolation observables for

three trainings with different flatness coefficients. Here FD is the flight distance.

Observable c=1.9 c=2.5 c=
In(xip (D)) 0.39 0.24 0.13
In(TP(D)) 0.36 0.35 0.19
dist(D*) 0.08 0.18 0.52
In(xrp(D*)) 0.08 0.09 0.02
In(xip(D*)) 0.04 0.04 0.03
In(xip (7)) 0.04 0.03 0.01
In(FD(D*)) 0.02 0.06 0.11

when adding the single track that gives the smallest change in the fit x*. Similarly,
the “two tracks” observable, Aya, is the difference in vertex fit x> when adding
two tracks to the vertex fit, that give the smallest change in x*. The mass of the
resulting composite particle decaying at the vertex, my ), is also calculated when
adding one(two) extra track(s) to the vertex.

There are four of these observables that show significant differences between
the prompt and secondary simulation samples. For D the number of tracks
that can be added to the vertex while the y* remains within a given range is

significantly smaller for prompt events, referred to as the y*

multiplicity range”
in what follows. The single largest difference is seen in the mass of the composite
particle when adding two tracks for the D® vertex. Similarly, the D* version of
this observable also shows a significant prompt and secondary difference. The final
observable considered in this chapter is the one track Ax} for the D°. Fig.
shows the distributions for these four observables for prompt and secondary

simulation samples and for the data sample.

MLA study

The MLA used for this study is uGB+knnFL as introduced in Section [15.3]
The prompt and secondary simulation samples are used to train the MLA, both
with the isolation observables and without, as a control. A number of different
uniformity coefficients are trialled in each case. The input features used for

the test and control trainings are shown in Table [15.2] along with the feature
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Table 15.3: Feature importances of the MLA with isolation observables that has the
best performing training. Here FD is the flight distance.

Observable c=25
In(xip(D")) 0.27
In(TP(D)) 0.27
In(xip(D")) 0.10
dist(D") 0.07
D° py asym. 0.05
D° cone muli. 0.04
In(xe(D")) 0.04
D" pr asym. 0.03
In(FD(D")) 0.03
D™ In(ms) 0.03
D° In(Ax3) 0.02
n(x () 0.02
D In(m,) 0.02
D° x* mult. range 0.01

importances of three control trainings without isolation variables. These three
are chosen as the first two have the minimum (1.9) and maximum (5) values of
the uniformity coefficient, and the third has the same uniformity coefficient (2.5)
as the best training that uses the isolation observables. The DTF variables used
in the MLAs of previous sections are not present in these simulation samples and
so could not be used as training features. The isolation variables used are shown
in Table [15.3| along with the feature importances for the best preforming MLA
with a uniformity coefficient of ¢ = 2.5. The isolation variables appear to only
play a small role in the separation of the datasets, but they are very effective at
improving the uniformity of the special variables, as will be shown. This may in
part be due to the reduced feature importance of the biasing IP observable.

All the MLAs trained without the isolation observables produced biased decay
time and/or Am distributions in the testing sample. Almost all of the test MLAs,
trained with the isolation observables, had biased decay times for all selection
requirements on the resulting MLA response. However, the decay times are

not biased across the entire range, but only in the region below 0.4 ps, and in
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Figure 15.6: Signal efficiencies for the best test MLA with isolation variables. The MLA
response requirement that produces this result is > 0.726. The distributions shown are

the efficiencies against (left) the decay time in the range [0.4,1.2] ps and (right) the
Am.

some cases the region above about 1.2 ps. Thus, choosing the decay-time region
[0.4,1.2] ps results in test MLAs that do not bias the special features. It is not
clear that the addition of the isolation variables fixes the decay-time biases. It
may be the case that the addition of any extra variables with modest separation
of prompt and secondary will help to reduce the biases, by reducing the MLAs
reliance on IP. In the reduced decay-time range, where acceptance effects are
expected to be smaller, the control MLAs without isolation variables are still
decay-time biasing.

MLA response selection requirements resulting in 10% and 20% prompt signal
efficiency are considered in the reduced decay-time range. Only one MLA, which
had ¢ = 3, produces uniform special features with an MLA response requirement
resulting in a 20% signal efficiency. Three of the MLAs produce uniform special
features with MLA response requirements that result in a 10% signal efficiency,
these were ¢ = 2,2.1 and 2.5; all have a similar secondary rejection. The prompt
signal efficiencies against decay time and Am for the MLA with ¢ = 2.5 are shown
in Fig. , along with a linear fit and its x°. By applying this MLA response
requirement, 10% of the prompt signal is retained and about 98.8% of secondary
events are removed. The scale of this reduction is considered to be sufficient for
reducing systematic biases from secondary decay contamination.

The use of one of these isolation variables in a cut based analysis is investigated
in Appendix @ Selection requirements are applied to ln(X%p) and the two track

mass for the D°, m,, to remove a large fraction of secondary background.
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15.6 Conclusion

The use of uniform MLAs for the separation of prompt and secondary events,
without introducing biases to the special ¢ and Am variables was presented in
this chapter. Due to the lack of suitable training data, the studies shown are only
a proof of the principle of this method. Initial attempts at constructing trained
algorithms that keep the ¢ and Am efficiencies flat against the MLA response were
unsuccessful. However with the addition of further separating features, namely
the isolation observables, flat efficiencies were obtained.

As mentioned, the isolation variables cannot be determined in the current
Run 2 dataset, namely the turbo stream data. A new stream similar to the turbo
stream is planned for future data taking at LHCb. This stream is called turbo
selective persistence (TurboSP), and will allow some extra information to be
stored in the output data files. The tracks required for the isolation cones and
for producing minimum changes in vertex fits’ x* can similarly be added to the
output data files.

The uGB+knnFL algorithm used in this chapter shows potential for improving
the separation of prompt and secondary events in future data that will be taken
at LHCDb. The additional use of isolation observables also shows potential, but
the minimal gain in separation and the time commitment needed to add these
observables to the TurboSP stream mean that it may not be worth while. However,
in the absence of other separating features, these observables will be necessary for
effectively separating prompt and secondary while ensuring a uniform efficiency

of decay-time and Am.
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Chapter 16
Prospects of new methods

The blinded measurement of the D° lifetime presented in this part has the second
best sensitivity of any single measurement of this quantity to-date. A number of
additional checks must be carried out before the measured value can be unblinded,
and a suitable sample of Run 2 simulation is needed for cross-checks and for
determining an acceptance correction if one is required. Consequently the study
is presented here as a feasibility study rather than a measurement.

An issue to be resolved with this measurement method is the systematic bias
caused by secondary contamination. A ln(X%P) requirement does not sufficiently
reduce secondary contamination for a direct measurement such as this. The
secondary background is reduced to approximately 3% by this requirement, which
still returns a large systematic bias. A potential solution to this issue was discussed
that uses MLAs to separate prompt signal and secondary background events. The
percentage of secondary events that can be removed using these algorithms has
been shown; however, the uniformity of the special decay-time and Am features
is not guaranteed. These MLA algorithms may be able to separate prompt and
secondary events if an appropriate training sample can be produced, in which the
correlations between features are the same as in real 2016 data.

The addition of extra observables that measure the isolation of the signal
decay within a collision event was also investigated. These isolation observables
do not significantly improve the separation of prompt and secondary events, but
they reduce the MLAs reliance on the decay-time biasing IP features, such that
the special features are not biased by the MLA. However, the current LHCb
Run 2 Turbo stream data does not store the necessary information to determine
the isolation variables. The introduction of the TurboSP stream is necessary to

persist the information for calculating the isolation observables.
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Methods such as those described in this part, which sacrifice systematic
accuracy for speed and simplicity, may be necessary in future analyses at LHCDb.
Larger datasets, increasing rates of data taking and a relative decrease in storage
and computing power will necessitate long term planning of analyses. The stored
data will have to be smaller and only contain the essential information for an
analysis, and the methods must be fast enough to make use of the incredible
amount of statistics available while being clever enough to reduce systematic

effects.
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Chapter 17

Final conclusion

The overall purpose of studies presented in this thesis is to improve the under-
standing of CP violation, due to its potential importance to the matter-antimatter
asymmetry in the universe. This is done through the measurement of the CP
observable Ar in the charm sector using LHCb data. The final results presented

in this thesis are,

Ap(KTK™) = (=0.14+0.374+0.10) x 1072,
Ap(rtn) = ( 0.14£0.63+0.15) x 107°,

which can be averaged to give,
Ar = (=0.07£0.324+0.11) x 107°,

This is of similar precision to the other measurement of A presented in the same
LHCb paper [66],

Ar = (—0.13+0.284+0.10) x 10~?,

which was obtained using a complementary technique. This is the world’s best
determination of Ap and is compared to other results in Fig. [10.8|right) in
Chapter [10]

The value of Ar is consistent with zero and thus with CP symmetry in the
charm sector. No CP violation has been observed in this sector by this or any
other experimental measurement. This measurement will continue to have a
significant effect on the average calculated values of important charm mixing and
CP parameters for at least ten years. The effect of these measurements on the
parameters ¢ and |¢/p| has been shown in Chapter [10}
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A number of outstanding problems with the method to measure Ap were
discussed in Part [[IIl These problems include, the CPU requirements of the
swimming algorithm, the storage requirements for large data files, the time
requirements for running unbinned maximum likelihood fits, and residual decay-
time acceptance effects. The methods presented in this thesis, using the blinded
measurement of the D° lifetime as an example, attempt to ameliorate these
problems while reducing decay-time biases from event selections. The blinded
result presented in this thesis, from the method presented in Chapter [13] has a
precision of,

7(D°) = (xxx £ 0.3 4+ 4.1) fs, (17.1)

which has the second best precision of any single measurement of this quantity
to-date. A clearer understanding of the systematic uncertainties could significantly
improve the impact of this measurement. The method presented relies heavily on
the new trigger strategy of LHCb in more recent years of data taking, and on the
specially designed triggers that reduce decay-time biases. A comparatively simple
method has been presented that solves the problems of time and CPU usage, but
has not yet been definitively demonstrated to fix the decay-time biases. Suitable
simulation samples are needed to check the new method for decay-time biases
and to correct for them if necessary. Such simulation samples will be available
within a few months.

Future measurements of Ar will be made by the Belle IT and LHCb experiments.
A measurement at the soon-to-start Belle II experiment will have a sensitivity of
0.3 x 107 [97], which will be an important statistically independent addition
to the world average. At LHCb a measurement is currently underway using
the 20152017 data sample and a binned method. Such a measurement may
achieve a sensitivity of about 0.16 x 107, The analysts are using the conventional
triggers as opposed to the lifetime unbiased triggers, so there may also be an Ap
measurement with the unbiased triggers using a method similar to that presented
in this thesis. An LHCb measurement with the semileptonic tagged secondary
sample from the newest data can also be done.

At LHCb a measurement is underway to determine y-p from the semileptonic
tagged Run 1 secondary samples of D" — K~ 7. Similarly, the yp measurement
using the prompt Run 1 sample is underway. That analysis uses the swimming
algorithm and a similar method to the unbinned maximum likelihood analysis of
this thesis. It’s not yet clear if the difference in acceptance between the different

final states can be resolved in Run 1 data with a sufficiently small systematic
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uncertainty. Going forward to Run 2, if tests on the simplified method presented
in this thesis are promising, then the new method can be used to measure yqp.
If the method can remove enough of the decay-time biases such that a direct
lifetime measurement can be made, then it will be able to measure y-p without
great difficulty.

Looking further to the future of LHCb, Ay and y-p will be measured with
improving accuracy on ever larger datasets. Such large datasets pose a challenge
to the current paradigms of data collection and data analysis at LHCb. Methods
such as that described in Part [[T]] of this thesis, namely the use of smaller turbo
data formats, will be necessary due to larger datasets and the increasing rates of

data taking.
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Appendix A

Time evolution of simulation

samples

A.1 Time evolution of prompt simulation

The dependence of the prompt distribution of In(xfp(D")) with decay time is
investigated with a sample of prompt D° — K 7' simulation. The sample
contains 1.2 million events that pass the trigger and stripping lines detailed in
Chapter [b| and were generated using the conditions that they do not have a
b-ancestor and have a decay length greater than 75 pum.

The ln(XIQP) distribution of the sample is split into slices of decay time. In
each slice a smeared ln(X%P) PDF, first introduced in Eq. , is fitted to the
distribution. The value of the right tail parameter is fixed to its fit value from the
first decay-time slice, where the statistics are highest. Example fits from three
decay-time bins are shown in Fig. The poor quality of the fits is due to the
large statistics at low decay times. In the main fit of Part , two smeared ln(X%P)
PDF's are used to describe signal. The variations of the PDF mean pu, and left
tail parameter o, are shown in Fig. These values are used to motivate the

starting parameters and configuration in the main fit of the A analysis of Part [[]
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Figure A.2: Smeared In(xip) left tail parameter (left) and mean (right) extracted from

fits to prompt simulation in bins of decay-time.
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A.2 Time evolution of secondary simulation

In this section the dependence of the secondary distribution of ln(X%P) on decay
time is investigated using a sample of D’ — K~ 7" secondary simulation. This
sample contains 570, 000 events that pass the trigger and stripping lines detailed
in Chapter |5 and were generated using the conditions that they have a b-ancestor
and a decay length greater than 75 pum.

The ln(X%P) distribution for the sample is split into slices of decay time. In
each slice a smeared ln(xfp) PDF is fitted to the distribution and the variation
of the PDF mean p, and tail parameters a; and ap are extracted. Example fits
from three decay-time bins are shown in Fig.[A.3] The u, a; and ap parameters
are fitted with an arctan function and two exponential functions, respectively, as
shown in Figs. [A.4 and [A.5] The functions used to fit these parameters are used
to model the decay-time dependence of In(xfp) in the main fit of the Ap analysis
of Part [l The values of the parameters motivate the starting values used in the

main fit of the Ap analysis.
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Figure A.3: Selection of smeared In(x7p) PDFs fit to secondary simulation in bins of

decay time.
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Figure A.4: Smeared ln(x%p) mean parameter, u, extracted from fits to secondary

simulation in bins of decay time.

Parameter o

a, of Secondary Smeared |”(X,2P) in Time Slices

o, Secondary Smeared In(xlzp) in Time Bins

a & 13
13F 5 r
E 2 12
C o
12— g .0
F &
L= 15 .
1%@ 0.9
0ol 08
F 0.7F
08— -
C 0.6—
0.7 =
C 05—
P R R R R B B E. I N N R R R B
0 1 2 3 4 5 6 0 1 2 3 4 5

7
Time [ps]

7
Time [ps]
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Appendix B
Fit parameter results

Shown here are tables of the final parameter values for the three final states of
the Ar analysis and for both fit stages. The parameters are shown for the magnet
polarity down, run block two sub-dataset, with D° flavour. The K™K~ values can
be found in Tables and The corresponding 7" 7~ results are in Tables
and [B.2] Finally the K~ 7" results are shown in Tables and [B.4]
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Table B.1: Fit parameter results for the fit to m(DO) and Am from one D — 7

+o-

sub-dataset with magnet polarity down and from the second run block. The symbols

are explained in the text of Chapter [/, The parameter units are shown where relevant.

In the case where a formula is presented in the first column, the value in the last column

is the X variable of the formula. For example, oap, sig. = (1.855) 0am, sig.-

Parameter Fixed? Value

P(sig.) (0.5654 =+ 0.0023)
P(my) (0.2366 =+ 0.0022)
P(my|sig.) (0.554 + 0.019)
Fom,sig. (1866.963 + 0.020) MeV/c?
O, sig. (7.465 + 0.069) MeV/c?
Ui, 2.051

Nsig. 1

iy, sig. (10.799 + 0.097) MeV/c?

€ comb. (—0.00104 + 0.00019)[ MeV/c?] ™
P(Am,|sig.) (0.165 =+ 0.035)
P(Amy|sig.) (0.589 =+ 0.024)

K Amy sig. (145.4220 + 0.0029) MeV/c?
O Amy,sig. (0.376 + 0.024) MeV/c?

O Amey,sig. — X O Amy,sig.

HAmg,sig.

O Amg,sig. = X O Amay,sig.

Z Z <K K2k 2222 2 2 2|22« <22 222

(1.855 + 0.069)
(145.625 + 0.029) MeV/c?
(2.010 = 0.056)
139.57 MeV/c?
(0.3688 + 0.0077)

0 [MeV/c?] ™!
139.57 MeV/c?
(0.595 = 0.029)
(40.1 £ 5.7)[MeV/c?] !
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Table B.2: Fit parameter results for the fit to D’ decay-time and h’l(X%p) from one
D — 7" x~ sub-dataset with magnet polarity down and from the second run block.

The symbols are explained in the text of Chapter |8} The parameter units are shown

where relevant.

Parameter Fixed? Value
P(prom.|sig.) N (0.92948 + 0.00092)
T N (0.4141 £ 0.0011) ps
Ly prom. N (0.7271 £ 0.0074)
S, prom. N (0.2379 £ 0.0058)
Ly, prom. N (1.0648 £ 0.0042)
o, prom. N (—0.0759 =+ 0.0034)
QR prom. N (0.8821 = 0.0060)
P(sec.l|sec.) N (0.9556 + 0.0029)
Tosec. Y 0.33 ps
Ty sec. N (0.859 == 0.028) ps
T3 sec. N (0.2737 £ 0.0099) ps
% N (—4.26 4 0.11)
9 N (1.004 4 0.030)[ps]
o N (10.00 £ 0.15)
PLo N (1.86 = 0.20)
P N (0.049 = 0.045)[ps]
PLa N (—0.82 + 0.32)[ps] "
PRo N (—0.656 + 0.013)
PR1 N (0.0045 =+ 0.0055)[ps] '
PR2 Y —8 [ps]
P(prom.|t;) N (0.9156 = 0.0018)
T N (0.4442 £ 0.0021) ps

S
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Table B.3: Fit parameter results for the fit to m(DO) and Am from one D" — K 7"
sub-dataset with magnet polarity down and from the second run block. The symbols
are explained in the text of Chapter [/} The parameter units are shown where relevant.
In the case where a formula is presented in the first column, the value in the last column

is the X variable of the formula. For example o py,, sig. = (1.8870) 0 am, sig.-

Parameter Fixed? Value
P(sig.) (0.82283 + 0.00036)
P(ry) (0.16882 4+ 0.00037)
P(m|sig.) (0.3762 £+ 0.0031)
(

P(my|sig.) (0.5664 + 0.0033)

L i (1866.8052 + 0.0034) MeV/c?
Ty, sig. (6.326 + 0.015) MeV/c?
i, 2.067

Nsig. 1

o —— (8.636 + 0.022) MeV/c?
Omg,sig. = X Oy, sig. (1.941 4 0.020)

€ comb. (—0.00260 + 0.00036)[ MeV/c?] ™!
P(Amy|sig.) (0.1946 + 0.0057)
P(Amy|sig.) (0.5909 + 0.0039)

K Am, sig. (145.42107 =+ 0.00050) MeV/c”
O A, sig. (0.3843 + 0.0035) MeV/

(1.8870 + 0.0099)
(145.6557 & 0.0054) MeV/c?

O Amey,sig. — X O Amy,sig.

K Z KK 2K 22 22 22 2|2 22 << 222222

HAm,, sig.

T Amy.sig. = X O Amy sig (1.9918 £ 0.0084)
A, 139.57 MeV/c?
B, (0.3641 £ 0.0018)
C,. 0 [MeV/c*] ™!
Ay 139.57 MeV/c?
Beomb (—0.341 + 0.013)
Ceomp 0 [MeV/c?] ™
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Table B.4: Fit parameter results for the fit to DY decay time and 11’1()(121:)) from one
D'~ K 7" sub-dataset with magnet polarity down and from the second run block.
The symbols are explained in the text of Chapter |8 The parameter units are shown

where relevant.

Fixed? Value

Parameter

P(prom.|sig.)

T

(0.92051 £ 0.00017)
(0.41534 + 0.00021) ps

P(x1|prom.) (0.98747 £ 0.00044)
L1, prom. (0.7876 4 0.0016)
Sy, prom. (0.1741 + 0.0012)
Ly, prom. (1.05777 4 0.00094)
Sey prom. (—0.06498 4+ 0.00077)
L2 prom. (2.892 £ 0.023)
Q1,2 prom. 0.9622
aR727p'rom, (2099 + 0064)

P(sec.1]|sec.)

(0.91073 + 0.00096)

T1,sec. 0.33 ps

T2, sec. (0.8582 4+ 0.0035) ps
T3 sec. (0.2736 + 0.0020) ps
90 (—4.220 + 0.023)

5 (1.0176 4 0.0064)[ps] "
9> (9.714 + 0.030)
PLO (1.397 + 0.028)
PrL1 (0.0605 + 0.0069)[ps] *
PL2 (—0.921 £ 0.052)[ps] "
PRO (—0.6422 4+ 0.0023)
Pr1 (0.01700 = 0.00099)[ps] "
PRr2 —8 [ps] "
P(prom.|r,) (0.92340 + 0.00040)

zZ z <2z 2z 2z 2 2 2 2 2 2 < 22 < 22222222 2Z

(0.42018 + 0.00056)
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Appendix C

Fits to Am for the T(DO)

analysis

The Am fits in all eight decay-time bins, and for both magnet polarities of the
T(DO) analysis are shown here. The magnet polarity up and magnet polarity
down fits of the main fit method are shown in Figs. and [C.2], respectively.
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Figure C.1: Fits to the Am distributions in all decay-time bins and for the magnet

polarity up sub-dataset. From these fits the number of prompt signal events in each

bin is extracted. The fit components are (blue) the total fit, (green) the prompt signal

component and (dashed red) the remaining backgrounds. The bottom frame in each plot

shows the pull distribution, or the difference between the total fit and the data, divided

by the data uncertainty. The pull distributions show that the agreement between the

fit and the data is excellent.
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Figure C.2: Fits to the Am distributions in all decay-time bins and for the magnet

polarity down sub-dataset. From these fits the number of prompt signal events in

each bin is extracted. The fit components are (blue) the total fit, (green) the prompt

signal component and (dashed red) the remaining backgrounds. The bottom frame in

each plot shows the pull distribution, or the difference between the total fit and the

data, divided by the data uncertainty. The pull distributions show that the agreement

between the fit and the data is excellent.
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Appendix D

Cut based separation with decay

chain i1solation

In this appendix, a selection requirement is applied to one of the isolation observ-
ables of Section to separate prompt signal and secondary background events.
The requirement is applied to the single isolation observable that gives the best
discrimination between prompt and secondary simulation. The two-track mass
for the D", m,, gives the best separation as shown in Fig. [15.5 (top left). Shown
in Fig. are the 2D plots of this variable against In(xfp), where the shape of
the prompt and secondary distributions are seen to be significantly different.

To determine the optimum selection requirement on In (m,), the metric S/v/B
is used, where S is the number of prompt signal events and B is the number of

background secondary events. The relative fraction of prompt and secondary

= 10F T L T = 10F L
[ [
a + o I L] L]
:\15_ s (\‘5_ 5 L =
E [ E r II.I
: .5 : .f. L}
oF . oF
_5:_ —5:—
-10p  AXSEr™ -10F L
7 8 9 10 11 12 7 11 12
D%In(m,) D%In(m,)

Figure D.1: Normalised distributions of prompt (left) and secondary (right) simulation
for the natural logarithm of the two-track mass at the D" vertex against ln(X12p). The

differences in the position of the peaks and in their shapes are evident.
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Figure D.2: Distributions of the prompt and secondary separation metric S/v/B for
different In(xfp) and In (ms) requirement values. Shown are (left) the metric with two
cuts, one on In(xip) and one on In (), and (right) the metric for cuts on In (my) only.
The prompt and secondary simulation samples are normalised such that the secondary

is 10% of the sum of both samples before applying these cuts.

events cannot be determined from the two separate simulation samples. Thus,
to compare the prompt and secondary simulation samples a global secondary
fraction of 10% must be assumed. This is taken from a comparison of the ln(XIZp)
distributions of the simulation samples with the 2016 data sample of Part [[T]]
and is similar to the secondary fraction observed in the Ar measurement (~ 7%).
The prompt and secondary samples are scaled such that the sum of both samples
(100%) comprises of 90% prompt events and 10% secondary events. Fig. shows
the metric against selection requirements on In (m,) and for a pair of requirements
on In (my) and In(x?p). The In (my) cut is not as powerful as a cut on In(xip),
as its optimal lone cut at a value of eight only reduces the secondary fraction to
7%. The best lone cut for In(xjp) at 1.6 reduces the secondary fraction to about
3%. However, both cuts remove a different tail of the secondary distribution, so
applying the cuts together can give a better performance. The optimum cuts from
Fig. (left) are In(xip) < 1.6 and In (1my) > 7.9, although a cut of In (my) > 8.1
has a similar significance but removes more secondary. With both cuts applied
the secondary is reduced to 2.5% of the total simulation sample, assuming it was

10% of the initial sample.
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